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Abstract 
The aim of this research was to investigate the effects of using hydrogen as a 
temporary alloying element in the manufacturing of titanium (Ti) and Ti-6Al-4V by the 
powder metallurgy (PM) route using commercially pure titanium (CP Ti), titanium 
hydride (TiH2) and Ti-6Al-4V powders as starting materials. Several powder blends 
were selected and respective samples were pressed at compaction pressures ranging 
from 300-500MPa for green density and strength measurements. It was found that 
the higher the level of TiH2 in the powder blend, the lower the green density and 
strength. However, powder blends containing more than 40wt% of TiH2 did not result 
in considerable decrease in green strength and density. The selected powder blends 
underwent thermal decomposition analysis. The results show that hydrogen 
introduction is more beneficial in the form of a hydrogen atmosphere rather than 
using TiH2. Samples of selected powder blend were pressed and sintered at 1050°C 
under argon and partial hydrogen atmospheres. While the general trend was that 
sintered densities improved with TiH2 content as well as in the presence of hydrogen 
in the sintering atmosphere, there was an unexpected decrease from green to 
sintered density for the TiH2-6Al-4V samples sintered in partial hydrogen at 1050°C. 
These results were supported by the microstructural analysis. Additional sintering 
trials for CP Ti-6Al-4V and TiH2-6Al-4V for different sintering conditions were also 
conducted and their relative sintered densities were concurrent with the density 
results obtained in the current literature (>97%). Elemental mapping conducted 
proved that the diffusion of the MA particles were the same for both TiH2-6Al-4V and 
CP Ti-6Al-4V. The decrease from green to sintered density in the TiH2-6Al-4V samples 
was due to the formation and trapping of H2O (g). At 1050°C the rate of H2 and 
subsequent H2O gas release is lower as compared to 1200°C. Hence, H2O gas 
molecules are trapped for longer causing the formation of larger pores that are harder 
to shrink especially at 1050°C. In a negative pressure atmosphere like vacuum, the 
higher pressure gradient between sample and atmosphere will favour faster diffusion 
rate of H2O gas which prevents big pore formation thus favouring faster densification. 
Sintering TiH2 based compacts in a partial hydrogen atmosphere has not proven to be 
very beneficial in aiming to decrease the sintering temperature.  
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Chapter 1: Introduction 
1.1 Purpose of study 
Titanium and titanium alloys (mainly Ti-6Al-4V) are known for their excellent physical, 
chemical and mechanical properties [1]. The reluctance in manufacturing Ti-6Al-4V by 
the PM route remains the inferior mechanical properties as compared to wrought Ti-
6Al-4V [1]. Hydrogen is expected to enable sintering at lower temperatures resulting 
in improved density and mechanical properties while remaining a cost effective 
process [2]. Hydrogen can be introduced either by sintering in a hydrogen atmosphere 
and/or by using TiH2 instead of CP Ti. However, TiH2 is very brittle during compaction. 
The purpose of this research was to firstly, determine the optimal ratio of TiH2 to CP 
Ti in a powder blend that can result in reasonable green properties and be used as a 
starting material to manufacture Ti-6Al-4V via the PM route. Secondly, the effects of 
hydrogen by sintering TiH2 based compacts and/or sintering in a partial hydrogen 
atmosphere on the sintering properties (density and microstructure) were evaluated 
in different atmospheres with the aim to determine whether the sintering 
temperature could be lowered and thus provide a more cost efficient manufacturing 
route for Ti-6Al-4V alloys. 
 
1.2 Significance of study 
Titanium alloys have various applications namely in the aerospace, military and 
automotive industry [1][2]. However, the major hindrance in using titanium alloys lies 
in their high manufacturing cost which, makes them less commercially viable for many 
applications. In order to use titanium alloys for a wider range of applications, the PM 
route is expected to be the most cost efficient method provided mechanical 
properties comparable to the wrought alloys are achieved[3]. Hence, there is a rising 
need to conduct innovative research with the aim to reduce the costs of the PM route 
for the manufacturing of Ti-6Al-4V alloy by using hydrogen as a temporary alloying 
element. Hydrogen lowers the b-transus temperature and prevents the formation of 
surface oxides which, in turn promotes sintering and densification at lower 
temperatures while refining the microstructure [2][3]. Hydrogen introduction, in the 
form of TiH2, has successfully resulted in higher densities when sintered under vacuum 
 17 
at 1200°C for 2-4 hours [2][3][4]. Sintering at an even lower temperature can be 
expected, if a hydrogen atmosphere is used for sintering TiH2, provided that hydrogen 
gas in the sintering atmosphere delays dehydrogenation. Hence, the presence and 
retention of hydrogen in TiH2 samples should be studied in depth to evaluate and 
optimise the role that hydrogen (in a TiH2 and/or H2 form) plays on the sintering and 
resulting properties of  Ti-6Al-4V. 
1.3 Scope of research 
This study looks at assessing the following: 
1) the effects of the ratio of TiH2 to CP Ti on the compaction behaviour, density 
and strength of the green compacts. 
2) the decomposition behaviour of the selected powder blends over a 
temperature range similar to the sintering temperature profile. This 
decomposition study will determine whether there are any additional benefits 
of using TiH2 in the powder blend as well as the benefits of sintering in a partial 
hydrogen atmosphere.  
3) the improvement from green to sintered densities of the different samples in 
the various atmospheres. These improvements shall be explained in depth 
based on particle shape, size, composition as well as sintering atmosphere and 
temperature. 
4) Evaluate the effects of hydrogen, in the form of TiH2 and H2 (from the partial 
hydrogen atmosphere), on the sintered densities and microstructures of the 
selected samples.  
1.4 Limitations of research 
Due to time constraints, safety concerns and limitations of the equipment for this 
particular study, the following could not be assessed: 
 
• the effect(s) of compaction pressures greater than 500MPa on the green 
density and strength of the various powder blends. 
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• the effect(s) of increasing the hydrogen content in the sintering atmosphere 
on the densities and microstructures of the selected samples. 
• the effects of a wider matrix of sintering temperatures and times on the 
microstructures and densities of the various CP Ti / TiH2 powder blends 
compacts. 
• the decomposition behaviour of the powder blends under vacuum. The 
vacuum pump causes vibration of the mass balance in the Netzsch which, gave 
very erratic results.  
• Conduct partial sintering of TiH2-6Al-4V green compacts to determine the 
exact sintering profile that would provide indication of the vanadium and 
aluminium diffusivity prior to homogenisation. 
• Element mapping of all the Ti-6Al-4V and TiH2-6Al-4V samples subjected to 
sintering conditions to determine the element distribution.  
1.5 Plan to development 
This dissertation follows with a literature review (Chapter 2) describing the different 
stages of the PM route and the role of hydrogen as a temporary alloying element. A 
critical review of the research related to the role that hydrogen plays in the sintering 
of TiH2, CP Ti and their blends with either elemental or pre-alloyed 60Al-40V MA 
powders, is then described. The findings of these research are then discussed in terms 
of the significance and importance of this dissertation. Chapter 3 illustrates the 
methodology of this dissertation explaining the different tests and procedures that 
were conducted to evaluate the role of hydrogen on the compaction and sintering 
stages involved in manufacturing Ti-6Al-4V by the PM route. Chapters 4-7 show, 
compare and discuss the various results obtained and compare then to the data in the 
current literature. Any unexpected results are discussed in depth and possible 
explanations are provided. The outcomes of this dissertation are then summarised 
and possible future work are recommended in Chapter 8 and 9 respectively. 
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1.6 Expected outcomes 
Based on the existing literature and the results of previous research the following are 
expected: 
• TiH2 is more brittle and will therefore break and rearrange resulting in higher 
green densities. However, the difference in particle size and shape will also 
play a role in the densities of the various  green compacts. 
• TiH2 is more brittle and hence the particles are expected to break during 
compaction. Thus no bond formation is expected which should be denoted by 
a lower green strength as compared to CP Ti which can deform under cold 
welding forming bonds.Thus, powder blends with higher levels of TiH2 are 
expected to have lower green strength.  
• The higher the compaction pressure, the higher will be the green strength and 
density of the compact. 
• During decomposition of the powder blends, hydrogen absorption will not 
take place in compounds with no CP Ti levels and hence no decomposition will 
take place in an argon atmosphere. For powder blends, containing both CP Ti 
and TiH2, both an absorption and decomposition steps are expected.   
• Hydrogen is expected to enable the sintering of the green compacts at lower 
temperatures. This is due to the stabilisation of the b-phase as opposed to the 
a-phase at relatively low temperatures. In addition, the reducing properties of 
hydrogen (by forming H2O (g) when reacting with surface oxides present) 
promotes sintering and densification. Thus, higher sintered densities are 
expected in samples sintered in a partial hydrogen atmosphere or samples 
containing higher levels of TiH2. However, for temperatures below 1200°C, 
whether the same rate of H2O (g) release is still not documented. 
• Sintering in a partial hydrogen atmosphere should result in higher sintered 
densities compared to similar sintering trials conducted in an argon 
atmosphere. 
• It is expected that aluminium will diffuse first for CP Ti-6Al-4V and that 
vanadium will diffuse first for TiH2-6Al-4V during the initial stages of sintering  
respectively since CP Ti is an alpha phase stabilizer whereas TiH2 is a beta phase 
 20 
stabiliser. Thus, the diffusion of the MA is expected to differ for these two 
samples which could affect the sintered densities. 
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Chapter 2: Literature review 
This chapter provides an in-depth background understanding to this research as well 
as a critical review on the role and effects of hydrogen as a temporary alloying element 
during the compaction and sintering stages of the PM route to manufacture Ti-6Al-4V.  
 
 2.1 Titanium  
Titanium, in the form of its ore, is the ninth most commonly occurring element on 
earth [1]. Titanium is well known for its excellent strength to weight ratio as well as 
good corrosion properties as compared to other alloys such as steel. For example, in 
its unalloyed condition, titanium has comparable strength with steel but is 45% less 
dense [1].  
 
2.2 Ti-6Al-4V alloy 
The most commonly used titanium alloy is Ti-6Al-4V, which is more commonly 
referred to as the ‘workhorse alloy’ of the titanium industry [2]. This alloy equates to 
50% of the amount of titanium used in various applications. Ti-6Al-4V is an alpha plus 
beta (a+b) alloy that can be heat treated to achieve moderate increase in strength. 
The change in mechanical properties is achieved by modifying the microstructure of 
Ti-6Al-4V.  
 
2.2.1 Microstructure of Ti-6Al-4V 
The microstructure of Ti-6Al-4V alloy depends on: 
 
1) The heat-treatment that the alloy is subjected to. 
2) The amount of α and β phase present in the alloy. 
3) The type of alloying element; for example hydrogen as a temporary alloying 
element in the manufacture of Ti-6Al-4V by the PM route is expected to result 
in finer microstructures [2][3]. 
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2.2.1.1 Modification of Microstructure 
The modification of microstructure is commonly achieved through a combination of 
cold or hot working followed by heat treatments such as annealing or solution heat 
treatment [3]. Most Ti-6Al-4V castings alloys, produced commercially today, are 
supplied in the annealed condition. However, research has been conducted in altering 
the microstructure of cast titanium alloys so as to improve the fatigue and strength 
properties. These treatments include solution-treatment and aging, or other post-cast 
thermal processing such as selective laser melting [4]. 
 
In the case of titanium casting alloys, the main goal is to eliminate the grain-boundary 
α phase, the large α plate colonies, and the individual α plates [3]. These plates are 
100% a and hence do not result in Ti-6Al-4V alloy having a homogeneous a+b 
microstructure. This is accomplished either by solution treatments or by temporary 
alloying will hydrogen. Hydrogen, present in TiH2, is expected to lower the sintering 
temperature of Ti-6Al-4V made by the PM route.  This is further discussed in  Section 
2.4 and 2.5.   
 
2.3 Powder metallurgy (PM) of Ti-6Al-4V 
PM is a process of blending fine elemental or pre-alloyed metal powders, pressing 
them into a desired shape and then heating the material under a controlled 
atmosphere [5]. The PM route can be illustrated using the flow diagram shown in 
Figure 2.1. 
 
 
 
 
Figure 2.1: Main steps in PM route 
 
Figure 2.2 is a schematic that illustrates the manufacturing of Ti-6Al-4V products by 
the PM route. 
Powder manufacture powder sintering Powder compaction 
Powder 
blending 
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Figure 2.2: Different processes involved in PM [6] 
 
The type of metal powder as well as the powders’ particle size and shape used in PM 
affect the properties of the finished products. The powders’ shape and size are 
determined by their manufacturing methods [7]. 
 
2.3.1 Starting powders 
2.3.1.1 Powder manufacture 
Titanium sponge fines are the most common elemental powder used in PM. These 
particles are obtained as by-products of the Hunter or Kroll reduction process used to 
primarily extract pure titanium from its ore [8]. The titanium sponge fines that are too 
small to be used in the melting process are available at a relatively low cost. This 
powder has an irregular shape (see Figure 2.3) which, enables them to be cold pressed 
into green compacts. There are two main ways in which metal powders can be 
produced: mechanical fabrication and atomisation technique. The mechanical 
fabrication technique includes impaction and compression which involves the use of 
exerting high forces to crush the metal parts into powders [8]. Compared to 
mechanical fabrication techniques, the atomisation technique allows easier 
processing which, in turn enables better control over particle size. The atomisation 
 24 
technique (water or gas atomisation) involves heating the pure metal or alloy above 
its melting point and allowing the molten stream to be subjected to high gas or water 
pressures. On cooling the fine molten sprays result in the formation of solid powders 
[9]. 
2.3.1.2 Powder type 
There are two main types of starting powders that can be used when manufacturing 
Ti-6Al-4V by the PM route. They are; blended elemental (BE) powder or pre-alloyed 
(PA) powder. A blended elemental powder refers to a powder blend formed by mixing 
each individual elemental powder to form the desired alloy whereas a pre-alloyed 
powder already contains all the element in the correct ratio for the alloy. Thus, no 
blending is required for pre-alloyed powders.  
 
BE powder 
The BE powder is cheaper and thus more commercially viable. BE powders will allow 
alloy modification but result in lower mechanical properties of the sintered compacts 
when compared to their equivalent PA sample [10]. A study conducted suggests that 
the homogenisation or uniform distribution of elements is not achievable using 
blended elemental powders. This in turn resulted in lower density and mechanical 
properties of the Ti-6Al-4V alloy. It was suggested that a master alloy (MA) (aluminium 
and vanadium powder in the ratio of 60:40) could be a better alternative in 
manufacturing Ti-6Al-4V [10].  
 
PA powders 
A PA Ti-6Al-4V powder will consist of all three elements already mixed in the correct 
ratio and will not require any blending before compaction. Hence, when using pre-
alloyed powder, the issue of homogenisation is eliminated [10]. However, production 
of PA powders are limited due to high production costs. 
 
Hence, a compromised powder blend of titanium with a 60Al40V MA powder will be 
a more commercially feasible alternative in manufacturing Ti-6Al-4V by the PM  route 
[11]. 
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2.3.1.3 Powder characterisation 
The particle size of metal powders is difficult to characterise due to their irregular 
shape and geometries. Figure 2.3 shows the different shapes that powder particles 
can exhibit [12]. 
 
 
 
 
 
 
 
 
Figure 2.3: Schematic of different powder particle shapes [12] 
 
A reliable method to measure particle size entails the use of molecular sieves (see 
Figure 2.4. Each sieve allows a particular particle size and shape to go through it. The 
particle size and shape are categorised in terms of the ‘mesh’ number. The larger the 
mesh number, the smaller is the size of the powder particles. For example, a powder 
with a mesh size of -200 (75 μm) has smaller particles as compared to the same 
powder with a mesh size of -100 (150 μm). The (-) sign suggests that the powder 
particles go through the sieve. Figure 2.4 shows a schematic drawing of a molecular 
sieve that is used to determine  powder size [13].  
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Figure 2.4: Molecular sieve used to determine mesh size of powder particles [13] 
 
2.3.1.4 Effect of particle size and shape on the properties of resulting green compacts 
The particles’ size and shape affect the behaviour of the powders during compaction. 
A study conducted [14] looked at the effects of compaction pressure and particle 
shape on the porosity of the resulting green compacts. Two powders were used; 
namely Powder A and Powder B. The former was spherical and uniform in size 
whereas the latter was angular and irregular in shape. Powder A (average particle size 
of 140 μm) could only be compressed in shape for compaction pressures higher or 
equal to 400MPa. Powder B (average particle size of 170 μm) could easily be 
compressed at lower compaction pressures (<400MPa). Thus, it can be said that the 
compressibility of the powders is better with irregular shaped powders. This is due to 
the locking and cold welding abilities of the powders which, results in better packing 
ratio of the resulting green compacts. Thus, angular and highly facetted powders are 
expected to be easily compressed at low compaction pressures (<400MPa) [14].  
 
The particle size also affects the compressibility and green density of the compacts. A 
study that looked at the process models for the press-and-sinter titanium [15] 
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compared the green density between coarse (average particle size 77.6 μm) and fine 
(average size of 32.3 μm) powders at various compaction pressures. The green density 
of the coarse powder was higher than the fine powders (75% as opposed to 71% 
relatively densities respectively) for a compaction pressure of 400MPa. Based on this 
study, it was concluded that the green density increases with increasing particle size 
up to a compaction pressure of 450MPa for CP Ti. A general compaction model is 
mathematically expressed as shown in Equation 2.1. 
 
Equation 2.1:        ln [(1/(1-r)) = KP + ln [(1/(1-ra)) + B      [15] 
where K: proportionality constant 
ra : apparent density of powder before any loading is applied 
 B: constant related to mechanical properties of the powder  
P: Pressure 
 
From this general compression model, it is clear that the mechanical properties of the 
powders also have a role to play in the compressibility of the powders [15]. On the 
one hand, a ductile powder will start to plastically deform under pressure until a 
pressure at which the powders can no longer deform is reached (relative green density 
will plateau). On the other hand, a brittle powder can only fracture during green 
compaction. Hence, the compaction pressure at which the brittle powders fracture is 
key in understanding the density results of compacts made from brittle powders [15]. 
The compaction pressure must be high enough to result in fracture of the brittle 
powder particles to allow good compression.  
 
CP Ti and TiH2 are examples that can be used in the context of this research project. 
TiH2 will require a minimum pressure to fracture the particles that will in turn result 
in densification of the compact. It is stated in current literature [16] that a compaction 
pressure higher than 250MPa is sufficient to fracture TiH2 powder particles. If fracture 
does not take place, the densification rate will be lower resulting in compacts with low 
green densities. In current literature [17], a study reports the effects of compaction 
pressures on CP Ti and TiH2 based compacts with either elemental aluminium and 
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vanadium or aluminium-vanadium MA powder. The results show that compacts with 
bigger particle size results in higher green densities. Table 2. 1 and Figure 2.5 show the 
different powder blends and their relative green densities respectively. 
 
Table 2. 1: Different powder blends used [17] 
 
 
Figure 2.5: Effects of compaction pressure on relative green densities [17] 
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Even though, the addition of elemental aluminium and vanadium alloying powders as 
opposed to MA powder results in higher green densities, the effects associated 
(inhomogenisation and formation of undesired TiAl3 phase) with blended elemental 
powders during sintering, limits the use of elemental alloying powders [10][17]. 
 
A different study [18] also supports that titanium compacts with bigger particle size 
(average particle size of 100µm) result in higher green densities as compared to similar 
compacts with finer powder particles (average particle size of 25µm). Even though the 
voids between two particles are smaller in a compact made from the finer powder 
particles, the frequency of the voids are extremely high and consequently result in an 
overall lower relative green density as compared to similar compacts formed from 
powders with bigger particle size. The results of the study led to the conclusion that 
for finer particle size, higher compaction pressures were required to result in 
comparable densities that were obtained at lower compaction pressure for coarse 
powders. Also, TiH2 powder blends fracture at compaction pressures lower than 
320MPa. This supports the argument, stated previously, that TiH2 powders fracture at 
compaction pressure higher than 250MPa. The study also confirms that at 400MPa, 
TiH2 based compacts reach their maximum green density [18]. Therefore compaction 
pressures from 300-500MPa will be enough to fracture TiH2 samples to result in 
acceptable green densities. 
 
Another research conducted shows the difference in relative green densities for CP Ti 
and  CP TiH2 which, is depicted in Figure 2.6 [19]. 
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Figure 2.6: Effect of compaction pressure on relative green densities of CP Ti and TiH2 
[19] 
 
Figure 2.6 shows that the relatively green densities of TiH2 and CP Ti as a function of 
compaction pressures, follow similar trends. Here again, it can be pointed out that  CP 
TiH2 was not pressed at a compaction pressure lower than 300MPa. Figure 2.6 shows 
that 80% relative density for both powders is achieved at 500MPa. The powders used 
are of varying size but their shapes are also significantly different as shown in Table 2. 
2. 
 
Table 2. 2: Powder characteristics [19] 
 
 
Based on Figure 2.6, the Ti sponge, TiH2 and CP Grade 2 Ti have similar green densities 
at various compaction pressures. However, since the particle shape and size are both 
different, it is difficult to evaluate the effects of particle size on green densities for this 
study. For example, the relatively green densities of Grade 2 CP Ti and CP TiH2 are 
 31 
more or less the same (76%) but their average particle size are substantially different 
(32.1 μm and 18.7 μm respectively). Based on the general trends in current literature, 
smaller particles should result in lower relative green density. However, the particle 
shape of Grade 2 CP Ti is spherical, and as discussed previously regular shaped 
powders will have a lower relative green density [19].  
 
It is important to note here, that CP TiH2 was not pressed at pressures lower than 
250MPa. This again confirms that a pressure higher than 250MPa are required to 
fracture TiH2 powders. Therefore, the use of a compaction pressure range of 300-
500MPa is expected to be sufficient enough to fracture TiH2 particles to promote 
green densification. Even though a higher compaction pressure would still result in a 
significant improvement in green density for the TiH2 based compacts, sample ejection 
at such high pressure can be very difficult and would result in cracking and fracturing 
of the sample. 
 
Based on the results discussed in this section, it is expected that the relative green 
densities of coarse CP Ti (average particle size of 100 μm) should be higher than that 
of TiH2 (average particle size of 67 μm) provided that both powders have similar shape.  
 
2.3.2 Stages in PM 
The main steps in making Ti-6Al-4V by the PM route are: blending, compaction and 
sintering as shown in Figure 2.2. 
2.3.2.1 Powder blending 
A cost-effective method to result in a Ti-6Al-4V powder blend that can possibly 
improve the alloy’s final properties is by blending titanium powder with MA powder. 
The use of MA powder as opposed to aluminium and vanadium elemental powder 
minimises the additional homogenisation issues between aluminium and vanadium 
[20]. The MA powder is easily produced and also does not entail a significant increase 
in production costs. 
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The blending of titanium and MA powders can be easily conducted by using a blending 
equipment for 15 minutes. The time required to blend these powders was established 
to be 15 minutes based on a study conducted at the University of Stellenbosch. This 
study titled “The optimisation of a Homogenising Metal Powder Mixer” concluded 
that 15 minutes was the minimum required mixing time that would result in a uniform 
distribution of the powders within the blend [21].  
2.3.2.2 Compaction 
Powder compaction is a mass-conserving shaping process. During powder 
compaction, each powder blend is placed inside a die and high pressure is then applied 
for consolidation resulting in the formation of a green compact [22].  The most 
common type of die tooling will press the powders in the vertical orientation, 
otherwise known as uniaxial pressing. The die pressing method is the most 
commercially viable pressing method as compared to other pressing methods such as 
cold isostatic pressing. Figure 2.7 is a schematic diagram of the compaction process 
that is used and Figure 2.8 shows a representation of a die mould that can be used for 
the vertical pressing of the powders to result in the formation of green compacts. 
 
 
 
 
 
 
 
 
 
 
Figure 2.7: Pressing process forming green compact [22] 
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Figure 2.8: Die mould for uniaxial pressing [22] 
 
2.3.3 Sintering  
Sintering is defined as a heat treatment process whereby previously compacted metal 
powders are heated to elevated temperatures (but below the melting point of the 
metal or alloy) in order to allow the particles to diffuse and bond together [23]. 
Sintering occurs in several stages, which are initial, intermediate and final. Figure 2.9 
illustrates the main stages of sintering.  
 
 
 
 
 
 
Figure 2.9: The main stages of sintering [23] 
Gaps where pores are 
usually formed prior to 
densification 
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From Figure 2.9, the following stages can be briefly described as follows [23]: 
 
1) Adhesion: This is the stage that occurs when the particles come into contact. 
This stage can also be achieved during compaction. During this stage, weak 
cohesive bonds hold the powder particles. 
2) Initial: During the initial stage, there is rapid growth of the inter-particle neck 
resulting in the formation of a grain boundary.  
3) Intermediate: During the intermediate stage, the pore structure becomes 
smooth and interconnected thus giving rise to larger but fewer grains.   
4) Final: During the final stage, the pores are completely spherical and closed 
giving rise to grain growth (formation of a bigger grain). 
 
 2.3.3.1 Sintering of titanium powder 
Titanium powder is sintered at temperatures in the range of 1150 to 1315°C under 
vacuum to prevent oxidation. The high sintering temperature is needed to allow 
excellent bonding between the particles to result in a more homogenous distribution 
of the particles. This temperature is well above the β transus of all common titanium 
alloys. As a result, the microstructure in α + β alloys is composed of colonies of 
similarly aligned coarse α plates [24]. This microstructure is substantially finer than 
ingot material treated at the same temperature due to the inherent porosity of the 
powder compact. This refined microstructure is an indication of improved strength 
properties, which favours the PM route. In many cases, significant porosity of the 
sintered sample is the result of sodium chloride residues (from the Kroll process) in 
the sponge from the reduction process. Hence, it is vital that the titanium powder 
used in the PM process is free from any chloride contamination [25]. 
 
Sintering of titanium powders starts around 700°C, the sintering temperatures for 
making Ti-6Al-4V will be above 700°C. At temperatures above 450°C, under normal 
atmospheric conditions, titanium powder oxidises which is undesirable due to the 
formation of surface oxides [26].   
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In the current literature, the following is known for the sintering behaviour of Ti-6Al-
4V: 
1) The sintering of loose powders is known to start at a temperature of 700°C. 
2) Mechanical and physical contact begins at 650°C and 1100°C respectively 
3) The boundaries of titanium start to dim at a temperature of 900°C. This 
alteration in the grain boundaries suggests that diffusion is initiated at 900°C 
[26]. 
 
2.3.3.2 Sintering atmosphere 
Sintering of titanium and titanium alloys must be conducted under a controlled 
atmosphere due to titanium’s high affinity with oxygen. The use of a partial hydrogen 
atmosphere is expected to be beneficial due to the reducing abilities of hydrogen in 
preventing the formation of surface oxides thus promoting sintering to take place at 
lower temperatures. The role of hydrogen in making Ti-6Al-4V by the PM route is 
discussed in depth in Section 2.4. Figure 2.10 and  Figure 2.11 illustrate a sintering 
profile of titanium powders sintering under vacuum followed by a controlled cooling 
profile in partial hydrogen atmosphere.  
 
  
 
 
 
 
 
 
 
 
Figure 2.10: Temperature versus time profile during vacuum sintering of Ti-6Al-4V [27] 
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This paper describes a new approach for producing Ti and
Ti alloys with near-f ll density and ultrafine grain sizes in an
as-sintered state. The near porosity-free ultrafine microstruc-
ture is achieved by sintering under atmospheres with
controlled hydrogen partial pressure, and then subjecting
thematerial to eutectoid transformation and dehydrogenation
at moderate temperatures. The thermal cycle is designed such
that the phase transformations during the eutectoid reaction
and dehydrogenation are controlled so that they lead to
ultr fine micros ructure features without significant grain
growth.
The principles of the process are elaborated as follows.
Based on the Ti–6Al–4V–H phase diagram (Figure 1),[9] the
effects of hydrogen on Ti–6Al–4V include: (1) stabilizing b
phase (deceasing the beta-transus temperature and enlarging
the beta phase region); (2) forming the d hydride phase (TiHx,
x¼ 1–2); and (3) inducing eutectoid phase transformation.
The present process makes use of or relies on the effects of
hydrogen in Ti with respect to its phase composition,
diffusion, and ransformations. The essence of this concept
is to control hydrogen composition, hence phase transforma-
tion during sintering.
A typical sintering temperature versus time (T–t) cycle
profile according the above described ‘‘hydrogen sintering
and phase transformation (HSPT)’’ approach is illustrated in
Figure 2 and the profile for the conventional vacuum sintering
using Ti or TiH2 powder is also given in Figure 2 for
comparison. It can be seen that the HSPT process is a
multi-step process. The three main steps are
b-Ti(H) densification: By controlling the hydrogen atmosphere,
the proposed process maintains sintering in b-Ti(H) phase
region with significant hydrogen content in the b phase. It has
been reported that a solid solution of H atoms in titanium can
reduce activation energy of Ti self-diffusion due to the
decrease of Ti–Ti bonding strength,[10] which probably also
promotes densification rate.
Eutectoid decomposition: After b-Ti (H) densification, the densi-
fied samples are to be cooled in a controlled hydrogen atmos-
phere to temperatures below the eutectoid temperature, and
held at this temperature for a period of time to complete the
eutectoid reaction. During eutectoid decomposition, the new
phases (a-Ti(H)þ d-TiHx) are precipitated in the interior of
b-Ti(H) grains, which breaks up the previously coarse
b-Ti(H) grains into fine dispersed (a-Ti(H)þb-Ti(H)þ d-TiHx)
grains, thus refining the microstructure.
Dehydrogenation in vacuum: The hydrogen is then removed by
vacuum annealing. The phase transformations during dehy-
drogenation further refine andmodify themicrostructure. The
hydrogen can be removed to a level much lower than allow-
able levels according to ASTM standards (150 ppm). For
example, the residual hydrogen content after vacuum sinter-
ing of TiH2 can be as low as 10ppm,
[7] which is not detrimental
to the mechanical properties of Ti materials.
1. Experimental
Experimental studies were conducted in this work to
produce Ti–6Al–4V alloy using the process as described
above. Ti metal, TiH2, and Al–V master alloy powders were
supplied by Reading Alloys. Powders were mixed according
to compositions of Ti–6Al–4V alloy. Cylindrical powder
Z. Z. Fang et al./H2 Sintering of Ti to Produce High Density Fine Grain Ti Alloys
Fig. 1. Ti–6Al–4V–H phase diagram. Reproduced with permission from ref.[9] 2001
Springer.
Fig. 2. Typical T versus t profiles of (a) vacuum sintering and (b) HSPT of Ti.
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Figure 2.11: Temperature versus time profile during hydrogen sintering followed by 
vacuum of Ti-6Al-4V [27] 
 
The results of this study concluded the following: 
1) In a controlled hydrogen atmosphere, [β-(Ti)] contains a substantial 
amount of hydrogen. A solid solution of hydrogen in titanium will lower the 
activation energy of titanium. Consequently, there is a decrease in the 
strength of Ti-Ti bonds which can result in self diffusion of titanium. This 
process enables densification of titanium at a lower sintering temperature.  
2) After β-Ti densification, the samples were cooled in a controlled hydrogen 
atmosphere to temperatures below the eutectoid temperature and held 
for a time period of 8-16 hours. This resulted in the breaking up of fine 
coarse grains into fine dispersed grains. 
3) The vacuum annealing conducted further refined and modified the 
microstructure of the Ti-6Al-4V alloy while removing any residual hydrogen 
present in the sample. 
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This paper describes a new approach for producing Ti and
Ti alloys with near-full density and ultrafine grain sizes in an
as-sintered state. The near porosity-free ultrafine microstruc-
ture is achieved by sintering under atmospheres with
controlled hydrogen partial pressure, and then subjecting
thematerial to eutectoid transformation and dehydrogenation
at moderate temperatures. The thermal cycle is designed such
that the phase transformations during the eutectoid reaction
and dehydrogenation are controlled so that they lead to
ultrafine microstructure features without significant grain
growth.
The principles of the process are elaborated as follows.
Based on the Ti–6Al–4V–H phase diagram (Figure 1),[9] the
effects of hydrogen on Ti–6Al–4V include: (1) stabilizing b
phase (deceasing the beta-transus temperature and enlarging
the beta phase region); (2) forming the d hydride phase (TiHx,
x¼ 1–2); and (3) inducing eutectoid phase transformation.
The present process makes use of or relies on the effects of
hydrogen in Ti with respect to its phase composition,
diffusion, and transformations. The essence of this concept
is to control hydrogen composition, hence phase transforma-
tion during sintering.
A typical sintering temperature versus time (T–t) cycle
profile according the above described ‘‘hydrogen sintering
and phase transformation (HSPT)’’ approach is illustrated in
Figure 2 and the profile for the conventional vacuum sintering
using Ti or TiH2 powder is also given in Figure 2 for
comparison. It can be seen that the HSPT process is a
multi-step process. The three main steps are
b-Ti(H) densification: By controlling the hydrogen atmosphere,
the proposed process maintains sintering in b-Ti(H) phase
region with significant hydrogen content in the b phase. It has
been reported that a solid solution of H atoms in titanium can
reduce activation energy of Ti self-diffusion due to the
decrease of Ti–Ti bonding strength,[10] which probably also
promotes densification rate.
Eutectoid decomposition: After b-Ti (H) densification, the densi-
fied samples are to be cooled in a controlled hydrogen atmos-
phere to temperatures below the eutectoid temperature, and
held at this temperature for a period of time to complete the
eutectoid reaction. During eutectoid decomposition, the new
phases (a-Ti(H)þ d-TiHx) are precipitated in the interior of
b-Ti(H) grains, which breaks up the previously coarse
b-Ti(H) grains into fine dispersed (a-Ti(H)þb-Ti(H)þ d-TiHx)
grains, thus refining the microstructure.
Dehydrogenation in vacuum: The hydrogen is then removed by
vacuum annealing. The phase transformations during dehy-
drogenation further refine andmodify themicrostructure. The
hydrogen can be removed to a level much lower than allow-
able levels according to ASTM standards (150 ppm). For
example, the residual hydrogen content after vacuum sinter-
ing of TiH2 can be as low as 10ppm,
[7] which is not detrimental
to the mechanical properties of Ti materials.
1. Experimental
Experimental studies were conducted in this work to
produce Ti–6Al–4V alloy using the process as described
above. Ti metal, TiH2, and Al–V master alloy powders were
supplied by Reading Alloys. Powders were mixed according
to compositions of Ti–6Al–4V alloy. Cylindrical powder
Z. Z. Fang et al./H2 Sintering of Ti to Produce High Density Fine Grain Ti Alloys
Fig. 1. Ti–6Al–4V–H phase diagram. Reproduced with permission from ref.[9] 2001
Springer.
Fig. 2. Typical T versus t profiles of (a) vacuum sintering and (b) HSPT of Ti.
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The study conducted and referred in Section 2.3.1.4 [14] also looks at the sintering 
properties of titanium compacts. This study confirms that fine powders as compared 
to coarse powders resulted in higher sintered densities (98% as opposed to 91% 
relative density) for sintering conditions of 1300°C for 2 hours under vacuum. Figure 
2.12 and Figure 2.13 show the improvement in the number and size of pores present 
in sintered samples made from a coarse to fine titanium powder, which supports the 
difference in sintered densities.  
 
 
 
 
 
 
 
Figure 2.12: Sintered microstructure of compacts (from fine powders) pressed at 
400MPa and sintered at 1300°C with relative sintered density of 98% [14] 
 
 
 
 
 
 
 
 
 
Figure 2.13: Sintered microstructure of compacts (from coarse powders) pressed at 
400MPa and sintered at 1300°C with relative sintered density of 91% [14] 
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2.4 The role of hydrogen in manufacturing titanium and Ti-6Al-4V alloy by the PM 
route 
Hydrogen is an alloying element that can be added and removed without melting of 
the metal powders. Several benefits of having hydrogen as a temporary alloying 
element during the sintering of titanium and titanium alloys by the PM route, were 
investigated and proven. Hydrogen is known to decrease the b-transus temperature 
as well as rendering post sintering treatments such as hot deformation possible. It is 
stated in current literature [28] that hydrogen alloying destabilises the low 
temperature a-hcp (hexagonal close pack) phase and stabilises the b-bcc (body 
centered cubic) phase in both titanium and Ti-6Al-4V. Hence, the a-phase partially 
dissolves in the b-phase, above the eutectoid temperature, resulting in the decrease 
of the b-transus temperature and an increase in the temperature interval of the two 
phase (a and b) range. When the hydrogen levels in the systems are increased, a 
decrease in the critical rate and the temperature of martensitic transformation can be 
observed. In addition, the shear strength and Young’s moduli of the b-phase increases 
which, are highly favourable. 
 
The addition of hydrogen in Ti-6Al-4V (a+b titanium alloy) results in the redistribution 
of alloying elements between the phases which, in turn results in unequal changes in 
specific volumes of the different phases. The larger volume changes are concomitant 
when a-titanium transforms to TiH2. During this phase transformation, a 17.2% 
volume expansion occurs causing a high strain level in the matrix [29]. Hydrogen has 
a role to play in the diffusivity of the alloying elements together with the dislocation 
slip systems, since it activates the surface of the material hence, promoting better 
diffusion bonding and welding. The decrease in b-transus temperature results in a 
reduction in grain growth associated with long sintering hours and high temperatures. 
A key role that hydrogen plays is in the post heat treatments such as hot deformation. 
Hydrogen results in an increase in temperature interval of the a+b phase and a 
decrease in the flow stress of the a, pseudo-a and a+b phases. Altering the phase 
transformation temperatures and allowing hot deformation treatments, allows 
hydrogen additions to result in the generation of various novel microstructures that 
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have improved strength, toughness and hardness properties comparable to those of 
wrought Ti-6Al-4V. Thus, understanding to what extent hydrogen can lower the 
sintering temperature of titanium and Ti-6Al-4V, while resulting in good densities and 
mechanical properties is critical.  
 
2.4.1 Hydrogen absorption in CP titanium  
The absorption of hydrogen by titanium depends on the time, temperature as well as 
the composition of the alloy. Titanium and titanium alloys are known to have relatively 
high affinity with hydrogen and can absorb up to 60 atomic percent (at%) of hydrogen 
at 600°C and even higher contents at lower temperatures [28]. It is therefore expected 
that at the higher end of the sintering temperature profile, hydrogen loses its affinity 
with titanium which, will lead to the decomposition of TiH2 to b-Ti. Therefore, 
investigating the temperatures at which hydrogen absorption and decomposition 
takes place during sintering, is key in assessing the benefits of hydrogen as a 
temporary alloying element in the manufacturing of Ti-6Al-4V by the PM route 
[28][29]. In other words, chosen sintering treatments will provide some indications as 
to whether there are any positive benefits of sintering TiH2 in a partial hydrogen 
atmosphere to allow small levels of hydrogen to be retained at higher temperatures 
(higher than 700°C) [28][29]. 
 
Reaction of titanium and hydrogen begins at 332°C which, results in the formation of 
TiH2. Based on a study conducted [30], it has been experimentally proven that at 350°C 
for two hours, a maximum of 42.96L of hydrogen can be absorbed by 100g of CP 
titanium. However, in the compact form, under similar experimental conditions, only 
38.14L of hydrogen is absorbed which, shows that the geometry of the sample has a 
role to play in the maximum level of hydrogen that can be absorbed (hydrogen 
saturation) [30]. The resulting TiH2, that is formed, starts to then dissociate at higher 
temperatures (between 344-388°C) and final liberation of hydrogen from TiH2 occurs 
at 900°C. Thus, hydrogen absorption and phase transformation (from CP Ti to TiH2) 
changes the thermodynamics of the sintering mechanism which, is expected to 
promote densification at lower temperatures. Hence, it is critical to understand over 
which temperature range hydrogenation and dehydrogenation takes place for CP Ti/ 
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TiH2 samples as well as for Ti-6Al-4V and TiH2-6Al-4V to conclusively determine 
whether or not the introduction of hydrogen plays a positive role during sintering [28].  
It is expected that under a partial hydrogen atmosphere (15%H2/85%Ar), hydrogen 
will dissolve in the CP Ti matrix [30][31]. This reaction occurs from 332°C up to about 
600°C [31]. Since hydrogen dissolves in the CP Ti matrix, a phase transformation from 
a-Ti to b-Ti occurs. This phase transformation is an exothermic reaction. No 
dehydrogenation takes place at higher temperatures. In the case of  TiH2 powder 
blends, in a partial hydrogen atmosphere, hydrogenation cannot take place since TiH2 
is already saturated with hydrogen (maximum of 67 at% or 3-4wt%) and hence only 
dehydrogenation [31] (an endothermic reaction) is expected for TiH2 compacts. 
However, the temperature range over which the various steps associated with 
dehydrogenation will take place for TiH2/CP Ti blends is unknown. This is a key finding 
that will be investigated in this dissertation.  
 
2.4.2 Diffusion of hydrogen in CP Ti, Ti-6Al-4V and TiH2 
There are two main types of diffusion which are: interstitial and vacancy diffusion. Due 
to the small size of a hydrogen atom as compared to a titanium, aluminium or 
vanadium atom, hydrogen occupies interstitial sites in a Ti-6Al-4V alloy. For a 
hydrogen atom to jump into an interstitial site, it requires energy, which is known as 
the activation energy.  
 
Looking at the crystal structure that titanium and Ti-6Al-4V alloy can have (BCC or 
HCP), it can be said that in the b phase, the crystal structure (BCC) is less packed as 
compared to the HCP crystal structure (a-phase). This is confirmed by the packing 
factor of 0.68 for BCC and 0.74 for HCP [32][33]. Hence, hydrogen diffusion in the b-
phase is expected to occur at a faster rate as compared to its diffusion in the a-phase.  
 
The diffusion time of hydrogen is roughly proportional to the square of the thickness 
of the material (at a given temperature) and inversely proportional to hydrogen 
diffusion coefficient as shown by Equation 2.2. 
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Equation 2.2 [34]………………… (t = x2/D) 
Where t: diffusion time 
X: thickness of the material 
D: hydrogen diffusion coefficient 
 
Fick’s First law of diffusion (Equation 2. 3) is based on the assumption that diffusion is 
a steady state process. This implies that that the diffusion flux or mass of atoms 
diffusing through a unit area per unit time is constant throughout the whole diffusion 
process.  
Equation 2. 3 [34][35]……………………………D= D0 exp (-Ea /RT) 
Where D: Diffusion coefficient of hydrogen in Ti-6Al-4V alloy 
D0: Diffusion coefficient of Ti-6Al-4V; 6.6x10-3 m2/s 
Ea: E; pre-exponential factor and a; activation energy of hydrogen; 432 kJ/mol 
R: Gas constant; 8.314J/mol 
T: Temperature in Kelvin 
 
From Equation 2. 3, it can be said that as the temperature increases, the diffusion of 
hydrogen will be more or less equal to the diffusion coefficient of Ti-6Al-4V.  
 
Hydrogen, being a smaller atom, will have a lower activation energy as compared to a 
bigger molecule such as oxygen and thus sintering in a partial hydrogen atmosphere 
will limit the formation of surface oxides since hydrogen absorption will be favoured 
[34][35]. The prevention of surface oxides formation allows the sample to have more 
open pores which, can thus shrink even further or even be eliminated at the higher 
temperatures. Additionally, this could allow near full sintering to take place at lower 
temperatures. Thus, hydrogen assists in further shrinkage during sintering which could 
imply that sintering could take place at temperatures lower than 1200°C [34][35].  
 
Most sintering treatments documented in the current literature are conducted at 
1200°C. Thus, sintering at temperatures, such as 1050°C, could indicate whether or 
not hydrogen can reduce the sintering temperature of Ti-6Al-4V while maintaining 
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similar or better densities and microstructures. Since the aim is to lower the sintering 
temperature to reduce the production cost, sintering trials at 1050°C could be the 
benchmark that could indicate whether the sintering temperatures could be lowered. 
Hence, the sintering temperature used in this dissertation is 1050°C. 
 
Dehydrogenation of TiH2 depends on the diffusivity of hydrogen in the crystal lattice 
of TiH2 as well as in the α and β phase [34]. Hydrogen diffusivity in TiH2 at room 
temperature is very low (10-14 m2/s). As temperature increases, diffusivity increases 
which in turn onsets dehydrogenation. Dehydrogenation increases further in the 
temperature interval of δ (phase where TiH2 decomposes to TiH1.74  forming a fluorite 
structure) →β phase transformation as hydrogen diffusion in bcc β titanium is higher 
than that in TiH2 by 2-3 orders of magnitude [34]. At this point, the level of hydrogen 
in the β-titanium experiences a reduction to the level that allows β→α transformation. 
However, the formation of the hcp α-phase in the final stage of dehydrogenation again 
slows down the rate of dehydrogenation because of the lower hydrogen diffusivity in 
the α phase [34][35]. 
 
The temperatures at which CP Ti and TiH2 experience hydrogenation and 
dehydrogenation respectively in the sintering atmosphere should be investigated by 
means of thermogravimetric (TG) and differential scanning calorimetry (DSC) analyses. 
The temperatures at which hydrogenation and dehydrogenation onset and ends for 
the selected samples are critical in understanding the role that hydrogen plays in the 
sintering as well as evaluating whether there are any positive benefits in sintering TiH2 
in a partial hydrogen atmosphere.  
 
2.4.3 Optimal level of hydrogen in Ti-6Al-4V alloy 
To fully understand the effects of hydrogen on the sintering behaviour of Ti-6Al-4V, 
the phase transformations that occur in Ti-6Al-4V with increasing hydrogen content 
and temperature must be investigated. A research conducted [36] reproduced the 
phase diagram of Ti-6Al-4V as shown in Figure 2.13. 
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Figure 2.14: Phase diagram for Ti-6Al-4V-xH [36] 
 
From Figure 2.14, the higher the hydrogen content, the lower is the b-transus 
temperature up to 20 at%. However, it can also be observed that a hydrogen 
concentration greater than 15 at% will result in the formation of an additional phase 
(hydride phase) which, is not desirable because this phase results in the 
embrittlement of the alloy. Embrittlement will eventually result in fracture of the 
sample at room temperature after sintering or during post mechanical heat 
treatments. Hence, it can be said that the atomic percentage of hydrogen must not 
exceed 15% during the sintering of Ti-6Al-4V alloy.  
 
An increase from 5% to 15% hydrogen content in the sintering atmosphere will result 
in higher levels of hydrogen absorption for a temperature of 650°C. Figure 2.15 shows 
the differences in atomic percentage of hydrogen in Ti-6Al-4V for various 
temperatures and times. Figure 2.15 shows that three hours at 650°C with a 15% 
hydrogen content in the atmosphere results in the highest level of hydrogen 
absorption in Ti-6Al-4V [37]. Thus, sintering in a hydrogen atmosphere instead of a 
vacuum is expected to allow hydrogen to still be present at higher temperatures in 
the CP Ti matrix, which could enable sintering of the compacts at lower temperatures 
due to hydrogen’s ability to promote faster sintering. However, since whether the 
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This paper describes a new approach for producing Ti and
Ti alloys with near-full density and ultrafine grain sizes in an
as-sintered state. The near porosity-free ultrafine microstruc-
ture is achi v d by sintering unde atm spheres with
controlled hydrogen partial pressure, and then subjecting
thematerial to eutectoid transformation and dehydrogenation
at oderate temperatures. The thermal cycle is designed such
that the phase transformations during the eutectoid reaction
and dehydrogenation are co rolled so that they lead to
ultrafine microstructure features without significant grain
growth.
The principles of the process are elaborated as follows.
Based on the Ti–6Al–4V–H phase diagram (Figure 1),[9] the
effects of hydrogen on Ti–6Al–4V include: (1) stabilizing b
phase (deceasing the beta-transus temperature and enlarging
the beta phase region); (2) forming the d hydride phase (TiHx,
x¼ 1–2); and (3) inducing eutectoid phase transformation.
The present process makes use of or relies on the effects of
hydrog n in Ti w th spect to its phase comp sition,
diffusion, and transformations. The essence of this concept
is to control hydrogen composition, hence phase transforma-
tion during sintering.
A typical sintering temperature versus time (T–t) cycle
profile according the above described ‘‘hydrogen sintering
and phase transformation (HSPT)’’ approach is illustrated in
Figure 2 and the profile for the conventional vacuum sintering
using Ti or TiH2 powder is also given in Figure 2 for
comparison. It can be seen that the HSPT process is a
multi-step process. The three main steps are
b-Ti(H) densification: By controlling the hydrogen atmosphere,
the proposed process maintains sintering in b-Ti(H) phase
region with significant hydrogen content in the b phase. It has
been reported that a solid solution of H atoms in titanium can
reduce activation energy of Ti self-diffusion due to the
decrease of Ti–Ti bonding strength,[10] which probably also
promotes densification rate.
Eutectoid decomposition: After b-Ti (H) densification, the densi-
fied samples are to be cooled in a controlled hydrogen atmos-
phere to temperatures below the eutectoid temperature, and
held at this temperature for a period of time to complete the
eutectoid reaction. During eutectoid decomposition, the new
phases (a-Ti(H)þ d-TiHx) are precipitated in the interior of
b-Ti(H) grains, which breaks up the previously coarse
b-Ti(H) grains into fine dispersed (a-Ti(H)þb-Ti(H)þ d-TiHx)
grains, thus refining the microstructure.
Dehydrogenation in vacuum: The hydrogen is then removed by
vacuum annealing. The phase transformations during dehy-
drogenation further refine andmodify themicrostructure. The
hydrogen can be removed to a level much lower than allow-
able levels according to ASTM standards (150 ppm). For
example, the residual hydrogen content after vacuum sinter-
ing of TiH2 can be as low as 10ppm,
[7] which is not detrimental
to the mechanical properties of Ti materials.
1. Experimental
Experimental studies were conducted in this work to
produce Ti–6Al–4V alloy using the process as described
above. Ti metal, TiH2, and Al–V master alloy powders were
supplied by Reading Alloys. Powders were mixed according
to compositions of Ti–6Al–4V alloy. Cylindrical powder
Z. Z. Fang et al./H2 Sintering of Ti to Produce High Density Fine Grain Ti Alloys
Fig. 1. Ti–6Al–4V–H phase diagram. Reproduced with permission from ref.[9] 2001
Springer.
Fig. 2. Typical T versus t profiles of (a) vacuum sintering and (b) HSPT of Ti.
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same benefits will occur for TiH2 is unknown and therefore a key area that was 
investigated during this project. 
 
 
Figure 2.15: Atomic percentage of hydrogen absorbed in Ti-6Al-4V at various 
temperatures with varying hydrogen levels in atmosphere and treatment times [37] 
 
2.4.4 Using titanium hydride (TiH2) as opposed to CP Ti 
The role of hydrogen is well documented and proven in the current literature. A kinetic 
study on non-isothermal dehydrogenation of TiH2 powders [31] used TiH2 
(approximate particle size of 50µm)  heated at rates of 10, 15, 20 and 40°C/min up to 
a temperature of 1000°C as shown in Figure 2.16.  
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Figure 2.16: TG/DSC curves of TiH2 powders with heating rates of (a) 10°C/min; (b) 
15°C/min; (c) 20°C/min; (d) 40°C/min [31] 
 
The TG curve for a heating rate of 10°C/min shows a mass loss between 470°C and 
770°C which corresponds to the dehydrogenation of TiH2. The curve also shows an 
increase in mass for temperatures higher than 770°C. This oxidation was due to the 
use of roughing pump which did not allow high vacuum to be achieved. This research 
also uses Ti-6Al-4V powders to confirm the oxidation process that was taking place in 
TiH2 as well. Figure 2.17 shows that the TG curve for Ti6Al4V which denotes a 
significant increase in mass. 
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Figure 2.17: TG curve of Ti6Al4V alloy  at a heating rate of 20°C/min [31] 
 
The weight gain observed at room temperature was accounted as a result of the 
unstable TG baseline. The TG curve for TiH2, showing oxidation after dehydrogenation, 
confirms the reducing properties of TiH2 as a starting material to prevent oxidation of 
the powders before 700°C. Even though the mass gain, representing oxidation, was 
obvious in the TGA curve, a corresponding exothermic peak (oxidation is exothermic) 
was not observed on the DSC curve. This is because the slight exothermic peak could 
have been masked by the larger endothermic peak (as a result of dehydrogenation) 
occurring at very similar temperatures.  
 
The role of hydrogen during sintering of Ti-6Al-4V is partially established in the 
literature. There are two ways in which hydrogen can be introduced which are; by 
using TiH2 as opposed to CP Ti as a starting powder or by sintering in a hydrogen 
atmosphere. The basic difference between CP Ti and TiH2 is the hydrogen content. 
Research that looks at the role of hydrogen in the sintering of titanium [38] suggests 
that the use of TiH2 (as a starting powder) can significantly improve the density and 
thus final mechanical properties of the resulting titanium alloy. The results led to the 
conclusion that 67 at% of hydrogen which equates to the atomic percentage of 
 47 
hydrogen in TiH2, increases the density and mechanical properties of the resulting 
alloy as compared to the same alloy sintered in the absence of hydrogen. The main 
findings and conclusions of this research [39] were as follows: 
• Hydrogen helps in decreasing the b-transus temperature of Ti-6Al-4V. For 
sintering to take place dissolution of aluminium and vanadium is required. This 
dissolution can only take place above the b-transus temperature. Hence, if the 
b-transus temperature can be lowered, sintering can take place at lower 
temperatures. 
• Hydrogen stabilises the more ductile BCC b-phase as opposed to the HCP a-
phase in an a+b alloy such as Ti-6Al-4V.This is again critical since dissolution of 
the alloying element that is required for sintering can only take place when the 
alloy is in the beta phase.  
• Hydrogen prevents the formation of surface oxides. Oxides scales at the 
powder surface are effective barrier for diffusion. In the presence of atomic 
hydrogen the sintering kinetics are altered. Atomic hydrogen reduces any 
oxides that are located on the surface of the powder particles. In other words, 
hydrogen cleans the inter-particle interfaces, which in turn enhances the 
diffusion between all components of the powder mixture. Hence, the diffusion 
process can occur at a lower temperature [39]. 
 
Hence, it is expected that the sintered density of compacts containing TiH2 will be 
higher than that of similar blends containing CP Ti instead. However, the behaviour of 
TiH2 in a partial hydrogen atmosphere is not yet documented in the current literature. 
Due to the positive effects of hydrogen in the form of TiH2, there can be a strong 
argument made for using TiH2 in an partial hydrogen atmosphere to further improve 
density and potentially lowering the sintering temperature. This is investigated during 
the course of this dissertation.  
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2.5 Effects of hydrogen on the properties of CP Ti, TiH2 and Ti-6Al-4V during the 
different stages of PM  
The density, microstructure and final properties depend on the chemical composition 
and mechanical properties of the starting powder, the particular consolidation 
method employed and on post-compaction treatment; namely sintering. The role of 
hydrogen in the various studies that were most relevant to this dissertation are 
summarised in the following sub-sections.  
 
2.5.1 During compaction 
There are several factors that have proven to affect the density and strength of the 
green compacts. They are namely: powder particle size, shape and mechanical 
properties, compaction pressure and powder composition. 
 
During pressing, CP Ti powder is plastically deformed. A higher pressure will result in 
more deformation and a decrease in the number and size of the voids which, implies 
an increase in green density. The size of the voids in turn depends on the size of the 
titanium powder. When TiH2 is pressed (under high loading), the hydride particles are 
not deformed because of their low ductility. Instead, the particles disintegrate into 
fragments with sharp edges. Figure 2.18 shows the effects of compaction pressure on 
the densities of coarse and dispersed CP Ti and TiH2.  
 
 
Figure 2.18: Influence of compaction pressure  of pressed and sintered specimens 
[39]; (1) coarse Ti; (b) dispersed Ti; (3) dispersed TiH2; (4) coarse TiH2 [18] 
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Coarse CP Ti and TiH2 powders (average particle size of 100µm) and that of dispersed 
CP Ti and TiH2 powders (average particle size of 25µm) resulted in the density of the 
coarse CP Ti pressed specimen to be higher as compared to the specimen formed from 
fine CP Ti (73% versus 70% relatively densities respectively) at 500MPa [18]. This 
research supports the results of various research discussed previously; since the 
increase in particles size increases the relative green density. For low compaction 
pressures (325MPa), the relative green densities of dispersed TiH2 (70%) is higher than 
that of dispersed CP Ti (65%). However, for the coarse powders, the relative green 
densities for both CP Ti and TiH2 were more or less the same. This suggests that the 
mechanical properties of the powder does play a more significant role when the 
particle size are smaller [18]. Hence, investigating the densities of different powder 
size for TiH2 and CP Ti could provide a clear indication of whether the particle’s 
composition and mechanical properties outweighs the particle shape and size when it 
comes to their effects on the density of green compacts with CP Ti and TiH2.  
 
2.5.2 During sintering 
The strength and hardness of the material increases significantly as a result of 
sintering due to the strong bonds that are formed between the different particles. The 
higher the sintering temperature, the higher is the strength and hardness of the 
material as a result of improved density [40]. 
 
The chemical composition and mechanical properties of the powder is critically 
important due to the shrinkage that occurs during sintering. For example, TiH2 (density 
ranging from 3.7-3.95 g/cm3) [41][42] occupies a larger molar volume as compared to 
CP Ti (density of 4.51 g/cm3) and thus the shrinkage of a TiH2 compact will be more 
significant which, is expected to result in higher sintered density. Additionally, further 
shrinkage occurs during dehydrogenation of TiH2 to form b-Ti. Hydrogen gas is 
liberated into the sintering medium causing further shrinkage to occur as the voids, 
formed after hydrogen liberation, reduces in size. However, the sintering temperature 
will have a critical role to play in ensuring whether these voids can be eliminated. 
Sintering temperature below 1200°C  could possible not provide sufficient energy 
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required to eliminate or close the voids. The volume change for a TiH2 sample heated 
up to 1250°C under dilatometric conditions is about 27%, which, is substantially 
significant [34] and additionally 6.7%; further shrinkage occurs as a result of 
dehydrogenation. Hence, it can be said that even though TiH2 compacts have lower 
densities in the green state (up to 68%), they can result in near full density products 
after sintering. Thus, the minimum green density that can lead to full densification is 
estimated to be 68%. TiH2 samples should therefore not be disregarded if they have 
substantially lower green densities as compared to CP Ti samples. If TiH2 samples 
achieve good densities in the green state, it is expected that sintering at a lower 
temperature (higher than the b-transus temperature) could result in near full 
densification of the sample. Thus, an argument for sintering at temperatures lower 
than 1250°C does stand good grounds based on the role of hydrogen in lowering the 
b-transus temperature during sintering. This supports the fact that the green density 
and compaction study of TiH2 compacts as well as their limitations should be 
thoroughly investigated in determining the levels of TiH2 in a compact that could result 
in acceptable relative green density and near full density after sintering. The 
benchmark for the minimum acceptable green density was 68% [34]. 
 
The sintering of pressed green compacts of CP Ti and TiH2 at 1250°C for four hours 
under vacuum conditions shows that TiH2 based samples have higher sintered 
densities in both the coarse (95.1-97.9% relative density) and dispersed (97.1-98.5% 
relative density) form when compared to the densities of coarse (91.4-95.3% relative 
density) and dispersed CP Ti (94.6-98.2% relative density) powders. This study argues 
that the compaction pressure affects the sintered density of the CP Ti based compacts 
more when compared to the TiH2 based compacts [40]. Figure 2.19 (a) and (b) show 
the difference in microstructure confirming that sintered TiH2 have higher density due 
to the presence of less pores as compared to CP Ti.  
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Figure 2.19: Sintering of CP Ti (a) and TiH2 (b) sintered at 1250°C for 4 hours under 
vacuum [40] 
The relative green densities of the coarse powders were higher than those of the TiH2 
compacts. Hence, the improvement in density, from the green to the sintered state, 
is higher for TiH2 as compared to CP Ti. This confirms the benefits of using TiH2 as 
opposed to CP Ti due to the resulting higher sintered densities despite their lower 
densities in the green state. Since TiH2 results in better sintered densities, it is 
expected that TiH2 allows densification to take place faster and even at lower 
temperatures. Thus, conducting sintering trials at temperatures lower than 1250°C, 
for example at 1050°C (substantially lower) can possibly result in acceptable relative 
sintered densities due to the considerable increase in sintered density that the TiH2 
resulted in previous studies. Sintering at 1050°C can thus be used as a benchmark to 
evaluate whether sintering of Ti6Al4V using CP Ti/TiH2 blends as a starting material in 
a partial hydrogen atmosphere can result in good sintering densities and 
microstructures. 
 
Green compacts pressed between 320-960MPa and sintered between 1000-1350°C 
under vacuum show higher sintered densities in TiH2 as opposed to CP Ti [41]. The 
study also found that the higher the sintering temperature, the higher the sintered 
density. This is because fragmentation of TiH2 and additional cracking of fragments 
during compaction, result in an increase in surface contact which promotes diffusion. 
However, hindering of densification is possible due to the introduction of alloying 
elements such as 60Al40V MA. Diffusion dissolution of alloy particles in titanium 
matrix is accompanied with pore formation at the particle/matrix interfaces. Thus, 
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difference in diffusion mobility (opposite directions) between the different particles 
results in formation of pores and vacancies of Al and V particles. This is later discussed 
as the Kirkendall effect.  Figure 2.20 (a) and (b) show that the microstructures of Ti-
6Al-4V, at 1350°C, have less pores as compared to similar sample sintered at 1150°C. 
 
 
Figure 2.20: Microstructure of Ti-6Al-4V (a) 1350°C sintered relatively density of 
98.8% with average grain size of 110µm (b) 1150°C sintered relatively density of 97% 
with average grain size of 62µm [41] 
 
Another study [42] uses CP Ti and TiH2 (particle size ranging from 20-100µm for both 
powders) with 60Al40V MA pressed at 294MPa and then sintered at 700, 800, 900, 
1000, 1100, 1200 and 1300°C under vacuum for four hours. This study shows a 
significant improvement in sintered densities for both hydrogenated Ti-6Al-4V (from 
81 to 97%) and  CP Ti-6Al-4V (from 79 to 96%) when the temperature increases from 
700 to 1300°C. At sintering temperatures of 1000 and 1100°C, the sintered density of 
CP Ti-6Al-4V is unexpectedly higher than that of the H-Ti-6Al-4V as shown in Figure 
2.21 [42].  
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Figure 2.21: Variation of sintered density and Vickers hardness of the Ti6Al4V and H-
Ti6Al4V alloys as a function of sintering temperatures [42] 
 
No further details commenting on these unexpected results is provided in the paper. 
Hence, the sintering of hydrogenated Ti-6Al-4V and CP Ti-6Al-4V at a temperature of 
1050°C could possibly result in unexpected density results. Sintering of TiH2-6Al-4V 
and CP Ti-6Al-4V at temperatures lower than 1200°C either in an inert gas or partial 
hydrogen atmosphere is not very well documented or even present in the current 
literature. All researches discussed used a vacuum environment as their sintering 
atmosphere. As hydrogen is expected to allow near full sintering to occur at lower 
temperatures, this unexpected behaviour in the temperature range of 1000-1100°C 
could very well limit the lowest temperature at which sintering could take place for 
TiH2-6Al-4V. 
 
Another study that examines the hydrogen sintering of Ti-6Al-4V involves the blending 
of TiH2 and Ti powders with 60Al40V MA pressed at 350MPa and sintered at 1200°C 
under vacuum and in a partial hydrogen atmosphere [27]. While the density of the 
compacts in both sintering atmospheres are more or less the same (approximately 
99% relative density), the improvement in density results in a finer microstructure in 
TiH2 and hence mechanical properties. In other words, the use of a partial hydrogen 
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atmosphere might only be beneficial in terms of grain refinement only for Ti-6Al-4V. 
Figure 2.22 (a) and (b) show the different microstructures obtained by using vacuum 
and partial hydrogen atmosphere for the sintering of Ti-6Al-4V with TiH2 as a starting 
powder. 
 
 
Figure 2.22: Microstructure of sintered TiH2-6Al-4V under vacuum (a) and in partial 
hydrogen atmosphere (b) [27] 
 
The final microstructure consists of coarse grains for vacuum sintering whereas in 
hydrogen sintering the final microstructure consists of fine dispersed grains, which are 
comparable to the microstructure of wrought Ti-6Al-4V alloys. A finer microstructure 
implies better mechanical properties. 
 
Several studies that look at the effects of particle size, mechanical properties and 
composition of the powder particles on the final properties of resulting sintered 
products [17] [43] uses a compaction pressure range of 320-960 MPa and powder 
particles (CP Ti and TiH2 with 65Al35V master alloys and elemental Al and V powders) 
with varying particle sizes. The compacts were then sintered under vacuum at 1350°C. 
The sintered densities of TiH2 based compacts are higher (99%) with the MA. For 
mixtures 1 and 2 (see Table 2. 1), the addition of alloying elemental powders results 
in lower sintered densities (lower than 92%). However, the use of TiH2 with elemental 
aluminium and vanadium powder resulted in higher densities (93% but increased from 
66% which, is a lower green density to start with). Thus, TiH2 significantly improves 
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the sintered density. This is because TiH2 decomposes during sintering which, causes 
a phase transformation and eventual defects in the crystal structure. As a result, the 
reaction of aluminium and titanium occurs at a temperature below the melting point 
of aluminium which in turn promotes faster densification. However, the temperature 
(in terms of final temperature and heating rate) at which this takes place is not 
described. It is possible that this phase transformation only takes place due to 
sintering at 1350°C under vacuum. Further research is thus required to determine 
whether decomposition and crystal defects in TiH2 is dependent on the sintering 
profile of the specimen. 
 
The finer particle size also results in higher sintered densities. The various green and 
sintered densities of the mixtures from Table 2. 1 for both compaction pressures 
supports the statement made at the beginning of this paragraph and is graphically 
illustrated in Figure 2.23. 
 
 
Figure 2.23: Density change of compacts of various mixtures upon sintering, 
compaction pressures of (a) 320 MPa and (b) 960 MPa [43] 
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2.6 Thermal decomposition of TiH2 at high temperatures 
Understanding the thermal decomposition of TiH2 is key in establishing the various 
phase transformations that take place during sintering. The phase transformations 
affect the density as well as the sintering diffusion mechanism.  
 
A study that investigates the thermal decomposition of TiH2 states that hydrogen 
release starts at 390°C [44] and reaches a maximum at 525°C with noticeable 
endothermic peaks at 445°C and 610°C. The phase transformation that was derived 
from this study is expressed as follows: 
 
d           d + a           b + d + a           a + b            a 
 
Based on the Ti-H phase diagram the sequence of the phase transformations showed 
above is not the same as predicted by the Ti-H phase diagram in Figure 2.24. The 
reason for this difference is due to the presence of oxygen (in the form of surface 
oxides) that stabilises the a-phase. It is thus expected that the sequence of phase 
transformation outlined above will occur when using commercial TiH2 powders 
particularly if the latter is not stored under inert conditions.  
 
 
 
 
 
 
 
 
 
 
Figure 2.24: Ti-H phase diagram combined with changing trends of 
temperature/hydrogen content at different heating rate [45] 
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In the presence of surface oxides, the temperature at which hydrogen is released from 
the TiH2 powders is expected to increase to 405°C. It is also documented in the current 
literature [44] that during decomposition of TiH2 hydrogen gas results in the sub-
sequent H2O gas formation since the hydrogen reacts with the surface oxides. The 
release of H2O gas is expected to take place from 466°C to 620°C with a peak at 535°C. 
The total mass loss for the decomposition of TiH2 is expected to be 3.8wt%. The H2O 
gas molecules being larger in size when compared to hydrogen gas molecules will 
result in bigger pores being formed between the TiH2 particles during sintering [44]. 
Thus, more energy will be required to close or shrink the pores during densification 
and this can in turn hinder reasonable densification from taking place at lower 
temperatures. However, this is likely to be dependent on the diffusion rates of the H2 
and H2O gases [44]. 
 
Another research that looks at the phase transformations that takes place in TiH2 [45] 
confirms that the heating rate plays a critical role as seen in Figure 2.24. This study 
[45] confirms that the thermal decomposition of TiH2 results in two main endothermic 
peaks at 540°C and 610°C for a heating rate of 10°C/min. The study concludes that the 
higher the heating rate, the higher is the temperature at which decomposition of TiH2 
takes place up to a heating rate of 15°C/min. The two endothermic peaks are 
attributed to the d         b + d and the b + d          b phase transformation respectively. 
The phase transformations are different from reference 44 which is only accountable 
by the difference in heating rate since the low heating rate (<10°C/min) allows for the 
co-existence of the a + b.  
 
A study on the decomposition of TiH2 looks at the effects of the atmosphere under 
which thermal decomposition is conducted [46]. This study shows that the phase 
transformations that take place under a stagnant or flowing atmosphere are different. 
The two sequences below show the phase transformations that take place for both 
atmospheres.  
 
Sequence 1  (flowing argon):  
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Sequence 2 (Stagnant 
argon):  
 
Under stagnant conditions, the same phase transformations are observed under 
flowing argon but occurring at higher temperatures. However, under flowing argon 
the a phase is stabilised at the end of the heating cycle and no further phase 
transformation occurs upon cooling. The core-shell model investigated [46] confirms 
the presence of an a shell which affects the diffusion rate of hydrogen gas from the 
as received TiH2 powders. For a CP Ti powder (similar to a pre-oxidised TiH2 powders), 
a rutile (TiO2) core shell was demonstrated to control the diffusion rate of the 
hydrogen released. Thus, the use of TiH2 powders is likely to stabilise the a phase and 
not the beta phase as one would expect. Hence, sintering using TiH2 is not expected 
to favour the diffusion of b stabilisers (such as vanadium in MA). 
 
The decomposition study being conducted at high temperatures provides some 
indications of the sintering behaviour of TiH2 powders. The sintering conditions are 
therefore expected to play a critical role in the phase transformation of  different TiH2 
powder blends which will in turn affects their sintered densities and microstructures. 
 
2.7 Sintering mechanism of various Ti-6Al-4V powder blends 
The sintering mechanism of Ti-6Al-4V using various starting powders is a key 
investigation that can provide insights on the shrinkage rate and levels during 
sintering. It is well known that sintering of Ti-6Al-4V green compacts at temperature 
above 1200°C can result in near full density samples. However, the various steps such 
as shrinkage rate and levels that will lead to the near full density of Ti-6Al-4V is critical 
in investigating whether or not sintering below 1200°C is possible.  
 
A study that looks at the sintering mechanism of Ti-6Al-4V powder from diffusion path 
analysis [47] makes use of hydride-dehydride (HDH) CP Ti, 60Al40V MA and HDH pre-
alloyed Ti-6Al-4V with average particle sizes of 75-150µm, 45-150µm and 75-150µm 
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respectively. The HDH CP Ti with MA (first mixed in the correct ratio to give Ti-6Al-4V) 
as well as the pre-alloyed Ti-6Al-4V powder were pressed at 690MPa and heated to 
1370°C for two hours. The values of the relative green densities were 82% for the 
blended Ti-6Al-4V, 79% for the PA and 83% for the HDH CP Ti. The shrinkage ratio 
during sintering of all three compacts were studied, and it was shown that the blended 
Ti-6Al-4V experiences a 50% greater shrinkage as compared to the other two samples. 
The onset of that shrinkage begins at about 910°C which corresponds to the a/b phase 
transformation temperature. At 1100°C, the shrinkage rate shows a further increase 
which is not equivalent to the maximum shrinkage. Figure 2.25 and Figure 2.26 show 
the difference in shrinkage ratio between the theoretical and experimental data for 
the PA and blended Ti-6Al-4V respectively [47].  
 
Figure 2.25: Normalised linear shrinkage for HDH pre-alloyed Ti-6Al-4V powder 
compacts and normalised densification from theoretical calculations [47] 
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Figure 2.26:Normalised linear shrinkage for blended HDH Ti-6Al-4V powder compacts 
and normalised densification from theoretical calculations [47] 
 
The shrinkage rate of the blended Ti-6Al-4V powder shows a substantial increase by a 
factor of 10 between 1000°C and 1150°C. Hence, further studies of the sintering of 
blended Ti-6Al-4V was conducted at 980°C and 1040°C.  
 
The study of the different phases formed in the blended Ti-6Al-4V samples 
demonstrate that a quasi-peritectoid reaction takes place between 1000°C and 
1100°C [47] based on the phase diagram as shown in Figure 2.27. 
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Figure 2.27: Portion of the experimentally determined diffusion path at 1040 °C 
plotted on the 1000 and 1100 °C isothermal ternary-phase [44] 
 
The volume change before and after the reactions at both temperatures will result in 
stresses which can further improve sintering. The diffusion path at 1040°C gathered 
during the experiment [47] was plotted on the graph shown in Figure 2.27. The volume 
change during the reaction was noted to be positive since TiAl has a larger atomic 
volume when compared to the other phases present. This results in compressive 
stress being localised at small areas within the sample due to the low percentage of 
aluminium originally present.  
 
An important conclusion of the study conveys that the sintering of blended Ti HDH 
90wt% CP Ti and 10wt% 60Al40V master alloy is not determined by the CP Ti powder 
but rather by the interaction of the MA powder with the CP Ti powder through the 
diffusion of the intermetallic phases. The study confirms that the rapid densification 
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only starts at 1040°C which is the result of the stress generated by the quasi-
peritectoid reaction as a result of volume changes of the phases, lattice diffusion 
enhanced by the potential gradient for aluminium in Ti and the localised adiabatic 
heating resulting from the formation of Ti-Al intermetallic compounds [47]. Thus, this 
could limit the lowering of the sintering to not be below 1040°C. Thus, sintering at 
1050°C could provide a good indication of whether sintering of Ti-6Al-4V using CP Ti 
and/or TiH2 can result in good densities. 
 
2.8 Implications on further research based on critical review 
The critical review from Section 2.4 and 2.5 suggests that using coarser powder will 
result in better green densities. While the compaction pressure does play a role in the 
increase in green density, very high compaction pressures cannot be used particularly 
for TiH2 powders. The brittle nature of TiH2 will affect sample ejection from the die as 
TiH2 particles do not plastically deform. Therefore, cracks could very likely form along 
the edges of the sample. While the use of TiH2 results in high sintered density, its 
brittleness in the green state results in the green compacts having very low green 
strength. Therefore, using a 90 wt% TiH2 with master alloy to form TiH2-6Al-4V could 
entail difficulties in terms of sample handling. Thus, the maximum level of TiH2 that 
would result in good green densities and strength as well as high sintered densities is 
something that needs to be investigated.  
 
Most of the sintering treatments that uses either CP Ti or TiH2 are conducted under 
vacuum at 1200°C. While it is suggested that sintering in the presence of hydrogen 
(either in the sintering atmosphere or in the form of TiH2) will lower the sintering 
temperature, insufficient data with sintering temperatures lower than 1100°C are 
documented in the current literature. There are a few density results at 1000°C and 
1100°C (under vacuum) which, shows that Ti-6Al-4V containing hydrogen have lower 
sintered densities compared to similar samples without hydrogen. This unexpected 
difference is not discussed in depth in the current literature. In addition, while the 
sintering mechanism suggest that most of the densification starts at 1040°C [44], it is 
very crucial that the effects of various temperature points between 1000°C and 
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1150°C are investigated further to establish better sintering models. Sintering at 
1050°C and 1200°C could shed light on the extent to which hydrogen can reduce the 
sintering temperature of Ti-6Al-4V while achieving near full densities. Further, most 
studies use vacuum as the sintering atmosphere. The use of other inert atmosphere 
such as argon or partial hydrogen should be explored further, to determine the effects 
of various sintering atmospheres on the sintered densities and microstructures of CP 
Ti, TiH2 and their various blends with and without MA. 
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Chapter 3: Methodology 
This chapter outlines the different tests and experimental procedures conducted to 
investigate the effects of different processing parameters and material composition 
on the density and mechanical properties during compaction and sintering. The first 
step was to analyse the starting powders. This consisted of a series of tests including 
scanning electron microscopy (SEM) which, was used to determine the particle shape 
and laser diffraction particle size analysis (LDPSA) was a technique used to determine 
the particle size of each powders. CP Ti and TiH2 were blended for 15 minutes to form 
various CP Ti/ TiH2 powder blends. In addition, CP Ti and TiH2 were also blended with 
MA to form two additional powder blends. The next phase of the experimental 
approach of this dissertation was to press the different powder blends at various 
compaction pressures. The green density and strength were measured based on the 
relevant American Society for Testing Materials (ASTM) standards. In order to 
determine whether and to what extent, hydrogen lowers the sintering temperature, 
the behaviour of the selected powder blends from the compaction and green density 
study were investigated by means of thermogravimetric analysis (TGA) and 
differential scanning calorimetry (DSC). The sintered densities and microstructures at 
the various sintering conditions and atmospheres were then measured and recorded 
accordingly. 
  
3.1 Analyses of starting powders 
Since the particle shape and size affect the green compaction, density and sintering 
properties of the different compacts, it was vital to determine these powder 
properties for the different powders used. Table 3.1 summarises the expected particle 
size (based on the information provided by the powder suppliers) of the different 
powders used for this research. 
Table 3.1: Powder size and chemical composition 
Powder description Chemical composition Mesh size μm 
Commercially Pure (CP) titanium Ti -100 149 
Titanium hydride TiH2 -200 70-74 
Master alloy 60Al-40V -230 55-63 
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The different tests conducted on the starting powders were: 
 
3.1.1 Laser diffraction particle size analysis (LDPSA) 
Laser diffraction uses the Mie theory which is a theory of absorption and scattering of 
electromagnetic pattern by an uniform sphere generated using the samples’ optical 
properties. If the samples to be analysed have unknown optical properties, the 
Fraunhofer approximation is used. The latter is better for larger particles but not 
suitable for transparent particles or particles that are smaller than 50 µm [48].  
LDPSA is the analytical method used to determine the particle size distribution of the 
starting powders by laser scattering. Particles scatter light in all direction and the 
scattering patterns is directly proportional to the particle size based on the Fraunhofer 
diffraction theory [48]. The angle of the laser beam and particle size are inversely 
proportional and hence the laser beam angle increases as particle size decreases [49]. 
Laser diffraction analysis is achieved by using a red He-Ne laser which is a popular laser 
used. The particle size that the laser can analyse is dependent on the distance from 
the lens to its point of focus ( focal length). The focal length is directly proportional to 
the area detected by the laser [48][49]. A programmed computer is used to detect the 
particle sizes in the sample from the data generated by the light energy produced and 
its subsequent pattern. The computer in turn processes the data collected on the 
particle frequencies and wavelengths to plot the particle size distribution of the 
sample. 
The laser scattering equipment used was the Saturn DigiSizer model which, can 
measure particle size between 0.1-1000 microns (µm). The Saturn DigiSizer uses light 
scattering models based upon the complete Mie Theory [48][49] and the Fraunhofer 
Diffraction approximation for calculating particles size distributions for measured light 
scattering patterns [48][49]. About 1g of each powder was placed in a sample vial for 
analysis and the powder size distribution of the sample was generated graphically. 
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3.1.2 SEM  analyses 
SEM allows one to observe the particle shape and relative size under very high 
resolution in order to determine the shape of the powders. The SEM used was the 
Nova NanoSEM which allows for both high resolution imaging as well as energy 
dispersive X-ray spectroscopy to be conducted on small samples. A small spatula tip 
of each powder was placed and spread uniformly on a small piece of carbon tape on 
the specimen holder to improve the conductivity of the powders during analysis. A 
good conductivity is required to obtain high resolution images of the powders. A 
working distance of 5mm and accelerating voltage of 20 keV was used to obtained 
several SEM images of the different powders used in this dissertation.  
 
3.2 Blending of powders 
The first mechanical process conducted on the CP Ti, TiH2 and MA powders is the 
blending process. Table 3.2 is an example of the amount of powders mixed during 
blending. The amount of TiH2 added to form TiH2-6Al-4V was calculated according to 
results in a 90% titanium, 6% aluminium and 4% vanadium sample.  
 
Table 3.2:Mass of powders added per blending cycle 
Powder combination 
Mass of CP 
Titanium (g) 
Mass of 
titanium 
hydride (g) 
Mass of 
master alloy 
(g) 
Total mass of 
sample (g) 
TiH2 and master alloy (TiH2-
6Al-4V) 
94.23 0 10 104.23 
Titanium and master alloy 90 0 10 100 
CP Ti/ TiH2 (X:Y mix) X            Y 0              X+Y 
 
The blender that was used for this research was from Stellenbosch University. From a 
study conducted [21] it was found that a blending time period of 15 minutes at 15 
revolutions per minute was enough to ensure the homogeneous distribution of the 
various powder mixtures based on the chemical composition [21]. The mass of the 
various powders to make up the different powder blends was accurately weight and 
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place in a closed fit container. The total mass of the mixture was 100g. This mass was 
chosen since a few grams of each powder blend was required to make a sample. The 
samples were allowed to blend for 15 minutes at 15 revolutions per minute. 
 
3.3 TGA and DSC analyses 
Thermogravimetric analysis allows one to observe the decomposition of the various 
selected powders blends from 20-1200°C under a desired atmosphere. While the TGA 
allows one to observed any mass change during the analysis, the DSC allows one to 
determine the type of reactions that can take place. The reactions that takes place 
during oxidation or dehydrogenation or phase transformation can be denoted by the 
presence of exothermic or endothermic peaks. The TGA and DSC analyses were critical 
in determining the corresponding temperatures at which the various reactions or 
phase transformations were taking place. Additionally, since the TGA and DSC 
analyses are conducted at a temperature higher than that of  the sintering trials, the 
TGA and DSC results could potentially explain the results of the sintering study by 
relating the relative sintered densities to the various reactions or phase 
transformations that take place. 
 
TGA and DSC analyses of the powder blends entail heating a small mass (20-30 mg) of 
each powder blend from 20-1200°C to observe the decomposition of each powder 
blend under partial hydrogen and argon atmospheres. The aim was to evaluate 
whether or not the heating atmosphere affects the temperature as well as the energy 
associated with hydrogenation and dehydrogenation. The TGA and DSC results are 
expected to provide the following: 
 
• The temperature at which hydrogen is released from the sample. 
• The temperature range over which hydrogenation and/or dehydrogenation 
would occur for each powder blend. 
• Whether the atmosphere plays a role in hydrogen retention at higher 
temperatures for TiH2. 
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The Netzsch SAT 409 CD, was used to determine the thermal decomposition of various 
powder blends under an argon and 15% hydrogen/ 85% argon (partial hydrogen) 
atmosphere. Investigating the powder blends’ behaviour under vacuum was not 
possible due to the noise effects associated with the vacuum pump, which interfered 
with the signal of the mass balance and hence the TGA and DSC results.  
 
The parameters of the tests conducted were as follows: 
 
1) Heating rate of 10°C/minute. 
The heating rate was chosen as such, since all the correction and calibration runs 
of the equipment were conducted at this heating rate.  
 
2) From room temperature to 1200°C under argon and partial hydrogen 
atmosphere. A temperature of 1200°C was chosen since the sintering 
temperatures were 1050°C and 1200°C. Thus, the decomposition behaviour of 
the powders over the sintering temperature range could be observed. 
 
3.4 Green compaction 
3.4.1 Uniaxial pressing 
Based on current literature, the compaction pressure range that affects the density 
and compaction properties of CP Ti and TiH2 is 300-900 MPa. The 110kN press is only 
able to press the desired 10mm diameter and 10mm height specimens (mass of 2.70g 
of the powder blend) up to a maximum pressure of 500MPa. The 100kN press was 
chosen since the samples dimensions are desirable. Additionally no significant 
improvement after 600MPa was documented to substantially improve the green 
density. Hence, the parameters for the uniaxial pressing of the selected powder 
blends ranged from 300 to 500MPa at intervals of 50MPa. A zinc stereate lubricant is 
used during green compaction to improve the ejection and also prevent the formation 
of micro cracks in the pressed samples [15]. The zinc stereate was particularly 
important when ejecting samples with higher levels of brittle TiH2 powders. The use 
of zinc stereate was deemed to be necessary after each TiH2 sample was ejected. Zinc 
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stereate burns off easily during the initial stages of sintering and does not react with 
any of the powders [15] which is highly desirable. 
 
This pressure range was chosen to assess the effects of  compaction pressure on the 
density and strength of the different green compacts. The different powder blends 
that were used are summarised in Table 3.3. 
 
Table 3.3: Powders blends used during compaction study 
Pressure 
(MPa) 
Different ratio CP Ti: TiH2 : 60Al-40V powder blends 
300 100:0:0 90:0:10 0:90:10 0:100:0 80:20:0 60:40:0 40:60:0 20:80:0 
350 100:0:0 90:0:10 0:90:10 0:100:0 80:20:0 60:40:0 40:60:0 20:80:0 
400 100:0:0 90:0:10 0:90:10 0:100:0 80:20:0 60:40:0 40:60:0 20:80:0 
450 100:0:0 90:0:10 0:90:10 0:100:0 80:20:0 60:40:0 40:60:0 20:80:0 
500 100:0:0 90:0:10 0:90:10 0:100:0 80:20:0 60:40:0 40:60:0 20:80:0 
  
3.4.2 Green density 
The green densities were measured according to ASTM B962-13 [50]. The apparatus 
used to measure the green density is shown in Figure 3.1. The detailed methodology 
is described in Appendix 11.1.1 in Chapter 11. 
 
 
 
 
 
 
 
 
 
 
Figure 3.1: Apparatus used to measure green density of compacts 
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The effects of pressure and powder composition on the green density of the different 
compacts are discussed in Chapter 5. 
 
3.4.3 Pressing of specimens for green strength measurements 
The green strength of the compacts were measured to determine the influence of 
powder compaction pressure and composition on these properties. The green 
strength measurement was conducted according to ASTM B312-09 [51]. Due to the 
specimen size specified by the standard, the specimens had to be pressed using a 
250kN press. 
 
Three specimens from each powder blend (9.00g of powders for each specimen) were 
pressed with dimension of about 30mm length, 12mm width and 7mm height). Only 
two pressures were selected for the pressing of the samples which were 300 and 500 
MPa. A total of 48 samples were pressed (eight different powder blends with three 
specimens at each pressures).  
 
3.4.4 Green strength measurements 
To measure the strength of the green compacts from the 250kN press, the dimensions 
of each specimen in terms of length, breadth and thickness were measured and 
recorded to three decimal places in millimeters as prescribed by ASTM B312-09.  
However, due to the very low magnitude of the green strength of the compacts, the 
measurements on the 200kN tensile tester were not accurate. Hence, an apparatus 
was designed and assembled based on ASTM B312-09. Figure 3.2 shows the apparatus 
described in ASTM B312-09 and Figure 3.2 shows the apparatus made based on the 
standard. The stepwise procedure for the green strength measurements are outlined 
in Chapter 11 Appendix 11.2. 
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Figure 3.2: Schematic of apparatus for green strength measurements based on ASTM 
B312-09 
 
 
 
 
 
 
 
 
 
 
Figure 3.3: Apparatus manufactured for green strength measurements 
 
3.5 Sintering 
The sintering conditions were chosen based on the aim of this dissertation which is to 
lower the sintering temperature of Ti-6Al-4V. In current literature, the sintering of CP 
Ti and Ti-6Al-4V at 1200°C for four hours is expected to result in good densities and 
microstructures. Since hydrogen has the potential to decrease the sintering 
temperature, a temperature of 1050°C was selected. 
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3.5.1 Sintering temperature and time 
It was critical that a furnace that can allow vacuum and positive gas atmosphere is 
used during the sintering study of this dissertation. Since hydrogen can also be 
introduced by sintering in a partial hydrogen atmosphere it was vital that the safety 
of the furnace was ensured. Thus, cracker valves and a correct exhaust system as seen 
in Figure 3.4 were set. The cracker valves were set  to ensure that a positive 
atmosphere  was obtained  during  sintering in an argon and partial hydrogen sintering. 
Additionally, any pressure build up in the furnace will be prevented thus ensuring the 
safety of the experimental conditions.  
  
Nine green compacts were then sintered at a temperature of 1050°C with a heating 
rate of 5°C/min, a dwelling time of eight hours and left to cool in the furnace. To sinter 
at 1050°C for more than eight hours in both positive and negative atmosphere, a new 
furnace that can sinter up to a temperature of 1500°C was acquired. The new furnace 
is shown in Figure 3.4. A calibration curve recording the temperature in the furnace 
tube and the corresponding temperature on the furnace monitor was derived. From 
this curve, a temperature of 1065°C on the temperature monitor results in middle of 
the furnace to be at 1050°C. Additionally, a temperature of 1200°C on the calibration 
curve is equivalent to 1200°C on the furnace tube.  
 
The stepwise procedure for the sintering treatment occurred in the following 
chronological order: 
1) Pre-setting the heating rate, dwell time and final temperature on the sintering 
profile monitor on the furnace. 
2) Insert the nine samples for the selected powder blends in the middle of the 
horizontal tube and close the  horizontal tube. 
3) The auxiliary pump was switched on and as soon as the pressure decrease to 
a 10-2 magnitude, the turbo pump is switched and maintained until a 10-6 
pressure is reached. 
4) The valve connecting the vacuum pump to the horizontal tube of the furnace 
is then closed and the tap of the gas cylinder and inlet valve of the respective 
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gas to be used are opened and the gas is allowed to flow until a constant flow 
of 5 litres per minute is recorded on the flow meter.  
5) The gas is allowed to flow for three minutes and the inlet valve and gas cylinder 
tap are closed. The valve connecting the vacuum pump to the furnace tube is 
opened again and Step 3 is repeated. 
6) Step 4 is repeated and once the gas flow is constant, the sintering treatment 
begins by switching on the sintering profile monitor and furnace. When the 
sintering treatments is complete the furnace is allowed to cool and the 
samples are only removed when the temperature of the furnace is lower than 
100°C. 
7) When sintering under vacuum, the sintering monitor is only switched on when 
the vacuum from Step 3 is stable for at least 30 minutes. 
 
 
 
 
 
Figure 3.4: Sintering furnace TSH/15/45/300 
 
 
Gas inlet taps 
Valve connecting 
vacuum to horizontal 
tube 
Exhaust Cracker value unit 
assembled here Sintering 
profile 
monitor 
Inlet valve 
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3.5.2 Sintering atmospheres 
Nine pressed samples for each of the selected powder blends were sintered in an 
argon atmosphere and the same procedure was repeated for a 15% hydrogen/ 85% 
argon atmosphere. Additionally, it was critical to determine the sintered densities and 
look at the microstructures of the CP Ti-6Al-4V and TiH2-6Al-4V (four samples) under 
vacuum at 1050°C for eight hours. Three samples from each sintering treatments were 
used to measure the density of the samples and the remaining samples were used for 
microstructural evaluation. Additionally, to validate the method used, two more sets 
of CP Ti-6Al-4V and TiH2-6Al-4V  (four samples each) were sintered at 1200°C for four 
hours under vacuum as well as under a 15% H2/85% Ar atmosphere. The density and 
microstructural results, for the samples sintered at 1200°C for four hours under 
vacuum, can be compared to the results generated by past research to validate the 
sintering method used.  
 
3.5.3 Tests on sintered samples 
After sintering the microstructures and densities of the various samples were 
observed and measured respectively.  
 
3.4.3.1 Optical microscopy 
One sample from each powder blend was hot mounted and prepared, as per Table 3. 
4 and Table 3.5, for microstructural evaluation.  
 
Table 3. 4: Polishing procedure of sintered samples 
Silicon carbide paper size Solution Time (mins) 
1000 µm water 1 
4000µm water 5 
Diamond blue pad Diamond 2-3µm paste 5 
Colloidal black pad Colloidal solution 5 
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Table 3.5: Etching procedure of sintered samples 
Solvent Volume (cm3) 
Concentrated nitric acid (HNO3) 67% 1 
Hydrofluoric acid (HF) 2 
water 97 
 
The samples were swabbed for about 15-20 seconds after being polished and then 
washed immediately with water to prevent further etching. The samples were then 
dried and observed under the light microscope at various magnification.  
 
3.5.3.2 Mass and Density measurements 
The sintered density of the samples were measured and calculated by using the 
procedure outlined by ASTM B962-13 which is documented in Chapter 11 Appendix 
11.1. 
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Chapter 4: Powder analysis 
The particle shape and size affects the compaction as well as sintering behaviour of 
the resulting green and sintered compacts respectively [17][18][27]. To determine the 
extent to which particle shape and size affects the green density and hence sintered 
density, analysis of the starting powders is critical. 
 
4.1 SEM 
A series of SEM analyses were conducted on the three different powders to study the 
particle size of the powders. Figure 4.1 show representative SEM images of the CP Ti, 
TiH2 and MA powders respectively. 
 
(a)                                                                                        (b)   
 
 
(c) 
Figure 4.1: (a) SEM image of CP Ti powder, (b) SEM image of TiH2 powder and (c) 
SEM image of master alloy powder (X5000) 
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4.2 Laser diffraction analysis 
Determining the powder size and shape are key in explaining the compaction 
behaviour and green densities as well as the sintered properties of the various pressed 
compacts.  
 
As displayed in Figure 4.1, CP Ti, TiH2 and the MA are all of different sizes. Figure 4.2 
shows the particle size distribution of  the CP Ti, TiH2 and MA powders respectively. 
 
(a)         (b) 
 
 
 
 
 
 
 
 
(c) 
 
Figure 4.2 (a)Particle size distribution of CP Ti (b)Particle size distribution of TiH2 (c) 
Particle size distribution of master alloy 
 
Figure 4.2 supports the results obtained and illustrated in Figure 4.1 for the average 
particle size of the three different powders used for this project. 
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 Table 4.1 summarises the average particle size as well as the shape of the three 
powders. 
Table 4.1:Powder size and shape 
Powder type Average particle size range (μm) Particle shape 
CP Ti 100±0.2 Angular and facetted 
TiH2 63±1.1 Angular and facetted 
Master alloy (60Al-40V) 37±0.1 Angular and facetted 
 
From Table 4.1, it can be said that the difference in particle size is significant. The 
values and errors were generated by the Saturn DigiSizer. In general, the compaction 
pressure required to achieve reasonable relative density (>80%) varies according to 
the shape of the CP-Ti powder. For example, a powder manufactured by the Amstrong 
method is a titanium powder with a dendritic “coral-like” morphology which requires 
a significantly higher compaction pressure (>1100 MPa) as compared to sponge fines 
or hydride de-hydride powder (HDH) (600-800MPa) to result in a relative density 
higher than 80% [48]. Thus, based on the shape of the CP Ti in Figure 4.1(a) powder a 
pressure of 600MPa should be more than enough to result in good compaction. 
 
The shape and size of the powders have vital roles to play in terms of the density and 
strength of the green compact. Flowability of the powder affects the density of their 
resulting green compacts. According to a study discussed previously [14], irregular 
powders, as compared to spherical or regular shaped powders, are able to lock and 
undergo further cold welding, which assists in improving the density of the final 
product. Thus good green densities are expected from the compacts made from the 
three powders used for this dissertation due to their irregular shape. 
 
Figures 4.2(a)-(c) graphically represent the particle size distribution of all three 
starting powders. The results of the laser diffraction analyses confirm that the average 
particle size of the supplied powders are within the acceptable range as per the 
powder size specification provided by the suppliers. The study discussed in Chapter 2 
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[16] suggests that the bigger the size of the powder particles, the higher is the green 
density. The reason being that while larger particles will result in bigger voids 
compared to compacts made from finer powder particles, the frequency of the smaller 
voids is so high that the overall final green densities of compacts with finer particles 
are lower than that of the compacts made from larger powder particles. Since CP Ti 
has a larger particle size, compared to TiH2 as well as the MA powder, the green 
compacts with higher level of CP Ti are expected to have higher green densities solely 
based on their particle size.  
 
 However, the mechanical properties of the powders also affects the green density 
and strength of the compacts pressed from the various powder blends. This is further 
discussed in Chapter 5.  
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Chapter 5: Results of compaction study 
The first phase of this project was to investigate the compactibility as well as the green 
density and strength of different CP Ti/TiH2 powder blends. Since TiH2 is known to be 
brittle, pressing 100% TiH2 at relatively high compaction pressures (>500MPa) can 
result in crack formation within the compact. However, since TiH2 represents potential 
benefits during sintering, determining the maximum level of TiH2 powder that can be 
added to a CP Ti powder that would result in a compact being formed easily while 
achieving acceptable green densities was deemed vital.  
 
5.1 General overview of the compaction process 
CP Ti is ductile and hence compaction and ejection of the pressed samples is relatively 
easy and does not require any lubrication of the die. However, TiH2 is very brittle and 
thus ejection of the pressed samples becomes problematic due to fracture and 
cracking of the compact. To counteract this issue, a lubricant (zinc stereate) was used 
during the compaction of the powder blends that contained TiH2. Zinc stereate is non-
reactive and is also not absorbed by the CP Ti, TiH2 and MA powders. Zinc stereate 
also burns off relatively easy during sintering and hence will not alter or affect the 
properties of the compacts. 
 
5.2 Green density  
Table 5.1 summarises the results of the density measurements conducted on the 
green compacts at various compaction pressures.  
 
Table 5.1 :Green density of powder blends 
 Density of powder blends (g/cm3) 
Compaction 
pressure 
(MPa) 
100% CP 
Ti 
80% CP 
Ti/ 20% 
TiH2 
60% CP 
Ti/40% 
TiH2 
40% CP 
Ti/60% 
TiH2 
20% CP 
Ti/80% 
TiH2 
100% 
TiH2 
CP Ti-
6Al-4V 
TiH2-
6Al-4V 
300 83.4±0.1 71.7±0.1 67.6±0.1 67.5±0.1 67.3±0.1 66.0±0.1 80.9±0.1 74.1±0.1 
350 84.3±0.1 73.1±0.1 69.1±0.1 69.9±0.1 69.5±0.1 67.7±0.1 83.3±0.1 74.8±0.1 
400 85.5±0.1 73.8±0.1 71.8±0.1 73.8±0.1 70.3±0.1 69.4±0.1 85.4±0.1 77.3±0.1 
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450 86.5±0.1 76.3±0.1 74.8±0.1 73.5±0.1 72.7±0.1 71.0±0.1 85.2±0.1 78.5±0.1 
500 87.4±0.1 77.9±0.1 76.2±0.1 75.4±0.1 72.8±0.1 75.5±0.1 86.4±0.1 79.3±0.1 
 
Figure 5.1 shows the trends in densities of various powder blends as a function of the 
compaction pressure. Figure 5.2 shows the relationship between relative green 
density and levels of TiH2 powder in the green compacts. 
 
Figure 5.1 : Green density trends of different powder blends 
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Figure 5.2: Green density versus %  TiH2 
 
From Table 5.1 and Figure 5.1 and Figure 5.2, the following can be deduced: 
 
• The higher the compaction pressure, the higher is the density of the green 
compact.  
• The higher the percentage of TiH2 in the blend, the lower is the green density. 
• A percentage of 40% or more of TiH2 no longer significantly affects the rate of 
decrease in relative green density of the CP Ti/TiH2 powder blends.  
 
Based solely on the chemical composition and mechanical properties of the powder 
blends, it was expected that the higher the level of TiH2, the higher would be the green 
density of the compact. This is because the hydride particles (being brittle), as 
opposed to CP Ti particles (being ductile), can rearrange and break during compaction. 
Smaller irregular size particles form smaller voids during compression. However, for 
the compaction study conducted, it was found that the green density decreases with 
increasing TiH2 content. This decrease in density is dominated by the difference in 
particle size between CP Ti and TiH2 (discussed in Chapter 4). The particle size of  the 
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TiH2 used is smaller prior to compaction and thus when particles break (during 
compaction) there is a substantial difference in particle size compared to CP Ti. This 
results in the size of the voids in TiH2 compacts being smaller in size compared to 
compacts with CP Ti, However, the frequency of the small voids is so high that it results 
in a lower overall density as compared to CP Ti compacts. The results are supported 
by various research papers discussed in Chapter 2 [17][18], where larger particle size 
of CP Ti had better relative green densities as compared to smaller CP Ti as well as 
smaller TiH2 powders. While, it could be argued that bigger particles should be used, 
the effects of smaller particles on the sintering behaviour of compacts do confirm their 
ability to improve sintered density.  
 
Therefore, the difference in particle size is significant and in this case outweighs the 
chemical composition and mechanical properties of the powders. To evaluate the 
difference in green density solely based on the chemical composition and nature, the 
powders used should have the same particle size and shape. Nevertheless, the green 
density results do suggest that a powder blend containing both CP Ti and TiH2 can 
result in good green and sintering densities.  The CP Ti will enable easy compaction 
while resulting in good green densities whereas the smaller TiH2 will potentially result 
in improved sintered density (smaller particle size provides bigger surface area that 
promotes densification during sintering).The reducing ability of TiH2 (due to the 
presence of hydrogen) is also expected to reduce the formation of surface oxides 
which in turn promotes sintering and densification. These factors are further 
discussed in Chapter 7.  
 
5.3 Green strength 
Figure 5.3 and Figure 5.4 show the results of the average green strength as a function 
of compaction pressure and TiH2 content respectively at both selected compaction 
pressures. The number of tests conducted for the green strength were done as per 
ASTM B 312-09. 
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Figure 5. 3: Green strength (MPa) of different powder blends versus compaction 
pressure (MPa) 
 
 
Figure 5.4: Green strength (MPa) of compacts versus TiH2 content 
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From Figure 5.3 and Figure 5.4, the following can be deduced: 
 
• The higher the percentage of CP Ti in the blend, the higher is the green 
strength. 
 
• The green strength decreases significantly as the level of the TiH2 in the blend 
increases from 0 to 40%. As the percentage of TiH2 in the blend becomes 
greater than 40%, the decrease rate in green strength is less significant.  
 
The green strength of the compacts are highly influenced by the chemical composition 
and brittle nature of the powder. As discussed in Section 5.2, CP Ti is ductile whereas 
TiH2 is brittle. On the one hand, CP Ti powder particles are deformed during 
compaction. This breaks the oxide layer and leads to exposed metal surface being 
more susceptible to cold welding which in turn results in stronger bonds forming 
between the powder particles [14]. On the other hand, TiH2 powder particles do not 
plastically deform but are rather crushed and rearranged, which does not result in the 
formation of bonds between the powder particles. In this respect it is not surprising 
that powder blends with higher levels of CP Ti are expected to have higher green 
strength as confirmed by the results shown in Figure 5.4.  
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5.4 Relationship between green strength and density 
 
Figure 5. 5 :Green strength of powder blends (MPa) versus relative green densities (%) 
 
Figure 5.5 shows the relationship between density and green strength for the different 
powder blends used in this project. From Figure 5. 5, it can be observed that the higher 
the green density of a compact, the higher is its green strength. However, the chemical 
composition, mechanical properties and size of the powders also have a role to play 
in terms of the strength of the resulting green compacts. When the percentage of TiH2 
in the powder blend is higher than 40%, the green strength remains more or less the 
same irrespective of the green density.  
 
 It was primarily concluded that the higher the relative green density, the higher is the 
green strength of the compact since there are less voids present. Voids or pores can 
act as stress concentrators when the samples are subjected to a force which in turn 
increases the risk of fracture. For CP Ti and Ti-6Al-4V an increase in compaction 
pressure (300 to 500MPa), which results in an increase in green density, leads to 
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improved green strength. As the levels of TiH2 increases in the powder blend, the 
increase in compaction pressure barely improves the green strength of the sample 
even though the density of the samples are still affected by the compaction pressure. 
Thus, the primary factor that governs the green strength of the TiH2 blends is the 
chemical composition and mechanical properties of the powders used to form the 
green compacts and not necessarily the compaction pressure. Hence, higher levels of 
TiH2 would result in lower green density, which in turn limits the level of TiH2 that can 
be added to the powder blend for compaction and sintering to make Ti-6Al-4V by the 
PM route. The green density and strength studies confirm that a powder blend 
containing more than 40wt% TiH2 will not likely result in the desirable green strength 
and densities.  
 
The green strength, lowering substantially with increasing level of TiH2, indicates that 
direct powder rolling of TiH2 will possibly not provide sufficient green strength to 
manufacture green TiH2 sheets. However, it is possible that an additive could be used 
to provide green strength to manufacture green TiH2 sheets.  
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Chapter 6: TGA and DSC analyses 
From the results of the compaction study, five powder blends were selected for 
sintering. DSC and TGA analyses were conducted on these powder blends as well as 
on 100% TiH2 powder. The powder blends that underwent DSC and TGA analyses 
were: 100% CP Ti, 80% CP Ti/20% TiH2 powder blend, 60% CP Ti/40% TiH2 powder 
blend, CP Ti-6Al4V, TiH2-6Al-4V powder blends and 100% TiH2. Figure 6.1 and Figure 
6.2 show the TGA and DSC curves of all powders in an argon atmosphere respectively.  
 
 
Figure 6.1: TGA curves of powder blends in argon (TGA) 
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Figure 6.2 :DSC curves of all powder blends in argon 
 
Figure 6.1 shows that for powder blends with no levels of TiH2, the mass increase after 
610°C (Temperature C), is significantly higher when compared to other powder blends 
with levels of TiH2. However, in an argon atmosphere, no mass increase is expected 
since argon is an inert gas and oxidation should not take place. Hence, it can be 
argued, that either the argon gas used was not 100% pure argon or that the powders 
were slightly oxidised since they were not stored under inert conditions before or after 
the blending process. The slight oxidation of the powders during storing will result in 
the formation of an additional surface oxide layer upon heating which will cause an 
increase in mass. Previous research also argued that the mass increase observed in 
the TGA curves for  powder blends containing CP Ti and Ti-6Al-4V is due to the titanium 
being highly reactive and will hence absorb oxygen at high temperature particularly if 
the atmosphere is not 100% inert. The initial mass increase (similar observation by 
past studies: refer to Figure 2.17 in Section 2.4.4) could be ignored since it is likely due 
to the unstable TG baseline [38].  
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The mass decrease of the 100% TiH2 and TiH2-6Al-4V powders also confirm 
dehydrogenation of TiH2 from 430°C (Temperature A) [38][45]. Hence, this provides 
an indication that no mass loss for powder blends containing TiH2 should be denoted. 
These are confirmed by their corresponding DSC curves which, show  three 
endothermic peaks over a temperature range of 430-620°C (temperatures D-F; Figure 
6.2) [38][45]. In a previous study dehydrogenation of TiH2 starts at 390°C while 
reaching a maximum at 525°C [44].  However, if the powder is slightly oxidised, the 
oxide layer creates an effective barrier for hydrogen diffusion which results in an 
increase in the heat absorption temperature [44]. The DSC curves for both TiH2 and 
TiH2-6Al-4V (see Figure 6.2) confirm that both of these powder blends were slightly 
oxidised which is why dehydrogenation begins at a much higher temperature than 
expected. 
 
The DSC curve for 100% TiH2 (see Figure 6.2) confirms the presence of three 
endothermic peaks which is also sometimes referred as a two peak and one-shoulder 
structure at a heating rate of 10°C/min [45]. These three endothermic peaks are due 
to the different phase transformations that take place during dehydrogenation from 
430°C to 620°C (similar results obtained as denoted by temperatures D-F). At a 
heating rate of 10°C/min or lower the phase transformation that takes place during 
the decomposition of TiH2 is d         b + d       b             a+b (based on the Ti-
H phase diagram as seen in Figure 6.3 [45].  
 
Figure 6.3: Ti-H phase diagram combined with changing trends of 
temperature/hydrogen content at different heating rate 
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These three different phase transformations correspond to three different 
endothermic peaks which are also observed in the TiH2 and TiH2-6Al-4V samples that 
were investigated in this dissertation. The first endothermic peak observed at 430°C 
(Temperature C) is due to hydrogen atoms being transferred from tetrahedral to 
octahedral lattice sites which in turn onsets hydrogen desorption. The second 
endothermic peak is due to the hydrogen desorption from the d phase to  b + d phase 
which is completed when the remaining hydrogen is removed from the octahedral 
sites. The complete removal of hydrogen in the octahedral sites results in no more d 
phase being present. Thus, the only phase present is the b phase. The latter is a high 
temperature phase where hydrogen atoms only occupy tetrahedral sites. However, in 
the a phase, hydrogen can occupy both tetrahedral and octahedral sites. The third 
endothermic peak is due to the b to a+ b phase transformation [45]. While other 
researchers have obtained different phase transformation steps, the difference is 
solely due to the presence of the a phase as a result of oxygen being present during 
the experiment (this is described later in this Chapter). Even though the DSC/TGA 
experiments conducted during the course of this dissertation were at very high 
vacuum prior to the flow of positive gas atmosphere, it is likely that the argon gas was 
not 100% inert and this could very likely result in slight oxidation of the powders. 
Additionally, the powders were most likely oxidised since they were not stored under 
inert conditions.  
 
The presence of an oxide layer or oxygen enrichment would lead to hydrogen 
desorption not only resulting in the release of H2 gas but also H2O (g) release as well. 
A previous study [44] investigated and showed that TiH2 powders start to release 
hydrogen from 405°C as denoted by a corresponding mass loss in the TGA curve. H2O 
(g) only starts releasing at 446°C and the peak of H2O (g) release appears at 554°C with 
a complete release at 620°C (concurrent with the results obtained in Figure 6.1 and 
6.2 showed by temperatures A-F). However, during decomposition of TiH2 due to the 
release of H2 (g) and H2O (g) occurring over the 466°C to 620°C temperature range, it 
can be difficult to distinguish between these two reactions on the DSC curve without 
measuring the mass flow rate of the evolved gases. The DSC results (see Figure 6.2) 
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cannot allow one to distinguish between the endothermic peaks of H2 and H2O (g) 
being release. It is very likely that the peaks associated with the release of these two 
gases overlap. However, the higher mass loss (higher than 2%) does confirm that H2O 
(g) is also released. In previous studies the total mass loss as a result of H2 and H2O gas 
can correspond to 3.8wt% mass decrease during decomposition of TiH2. The 
mechanism and reactions that lead to the formation of the H2O gas in TiH2 power 
compacts are discussed in Chapter 7.  
 
For the powder blends containing low levels of TiH2, the same phase transformations 
observed in TiH2 and TiH2-6Al-4V powder blends are not observed due to the 
overlapping effects of the phase transformation from a Ti (HCP) to b Ti (BCC). This is 
why only one distinct endothermic peak is observed for powder blends containing less 
than 50wt% TiH2. The temperatures at which the endothermic peaks are observed are 
lower for powder blends containing lower levels of TiH2. Hence, there is some 
evidence that suggests that having high levels of TiH2 can assist in hydrogen being 
retained at slightly higher temperatures are discussed below. 
 
From the TGA and DSC curves of all the powder blends heated in argon, it can be said 
that the presence of TiH2 is expected to prevent oxidation at higher temperatures 
during sintering (the higher the level of TiH2 the less is the mass increase at 
temperatures higher than 620°C). However, whether the delay in dehydrogenation is 
significant enough to establish any substantial benefits of using TiH2 based solely on 
its hydrogen content is yet to be investigated by sintering treatment. The same TGA 
and DSC experiments were conducted in a partial hydrogen atmosphere to establish 
whether the hydrogen atmosphere can allow hydrogen retention at even higher 
temperatures.  
 
Figure 6.4 and Figure 6.5 show the TGA and DSC curves of the selected powder blends 
in a partial hydrogen atmospheres (15% H2 /85% Ar). Figures 6.6-6.13 show the 
relevant DSC and TGA curves that are discussed more in depth in this chapter. 
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Figure 6.4: TGA curves of all powder blends in 15%H2/85% Ar atmosphere 
 
Figure 6.5: DSC curves of all powder blends in 15%H2/85% Ar atmosphere 
G H 
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Figure 6.6: Comparative TGA curves of 100 CP Ti and TiH2 in 15%H2/85%Ar 
 
Figure 6.7: Comparative DSC curves for  CP Ti and TiH2 in 15%H2/85%Ar 
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Figure 6.8 :Comparative TGA curves of Ti-6Al-4V in argon and in 15%H2/85%Ar 
 
Figure 6.9: Comparative DSC curves of Ti-6Al-4V in argon and in 15%H2/85%Ar 
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Figure 6.10: Comparative TGA curves of TiH2-6Al-4V in argon and in 15%H2/85%Ar 
 
Figure 6.11: Comparative DSC curves of TiH2-6Al-4V in argon and in 15%H2/85%Ar 
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Figure 6.12 :Comparative DSC curves of TiH2 in argon and  in 15%H2/85%Ar 
 
 
Figure 6.13: Comparative DSC curves of TiH2-6Al-4V and Ti-6Al-4V in 15%H2/85%Ar 
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The TGA and DSC curves of the various powder blends are significantly different in a 
partial hydrogen atmosphere as compared to an argon atmosphere. Figure 6.4 shows 
that for powder blends with no TiH2 content (CP Ti and CP Ti-6Al-4V), hydrogen 
absorption, as expected, results in a mass increase from 470°C up to 610°C 
(Temperature G and H respectively from Figure 6.4). Hydrogenation of these powders 
begins at a temperature of 470°C up to a temperature of 610°C which is supported by 
the exothermic peaks on the DSC curves for CP Ti and CP Ti-6Al-4V.  
 
Absorption of hydrogen is an exothermic reaction due to a phase transformation from 
a’ phase to a phase and eventually to b phase and will therefore occur prior to any 
endothermic reactions such as dehydrogenation [38]. These results are supported by 
the DSC curves in Figure 6.5, which show exothermic peaks followed by endothermic 
peaks for powder blends containing both CP Ti and TiH2.  
 
For 100% CP Ti and Ti-6Al-4V, hydrogen is absorbed and dissolves in the CP Ti matrix 
to result in the possible formation of d TiH2. At higher temperatures, the hydrogen is 
retained in the microstructure and hence no dehydrogenation will take place. These 
are confirmed by the mass gain and exothermic peaks in Figure 6.4 and Figure 6.5 
respectively at temperatures of 500 and 550°C (Temperature I and J). For the other 
powder blends containing more than 20% TiH2, an exothermic followed by an 
endothermic step is observed on their respective DSC curves (the endothermic peaks 
are observed at higher temperatures, see Temperature K and L from Figure 6.5). The 
higher the level of TiH2 in the powder blend, the higher is the enthalpy change 
associated with the decomposition of TiH2.  
 
Comparing the DSC and TGA results of the different powder blends in an argon and 
partial hydrogen atmosphere to determine whether there are any additional benefits 
in sintering in a partial hydrogen atmosphere to manufacture Ti-6Al-4V by the PM 
route is a key investigation. The results suggest that hydrogen is expected to be 
retained at slightly higher temperature if TiH2-6Al-4V is sintered in a partial hydrogen 
atmosphere as compared to the same sample in an argon atmosphere (see Figure 
 99 
6.11). However, the enthalpy change associated with dehydrogenation of TiH2-6Al-4V 
remains the same irrespective of the atmosphere used. Whether or not the increase 
in dehydrogenation temperature is significant needs to be investigated further by 
means of sintering treatments. From a previous study that examines the behaviour of 
TiH2  powder under stagnant argon atmosphere [46], it was reasonable to assume that 
such an environment more or less correspond to a partial hydrogen/ argon 
atmosphere. The reason being that under stagnant condition the argon gas does not 
flow which will decrease the rate of hydrogen liberation which also occurs in a partial 
hydrogen atmosphere. A study that examines the decomposition of TiH2 under 
stagnant and flowing argon conditions shows that the phase transformation 
associated with dehydrogenation (endothermic peaks) occurs at a much higher 
temperature under stagnant conditions [46]. Therefore, it makes sense that 
hydrogenation can be retained at slightly higher temperature in a partial hydrogen 
atmosphere. These deductions are supported by Figure 6.11 and Figure 6.12. Further, 
the phase transformations that take place under stagnant (or partial) argon 
atmosphere are different when compared to a flowing argon atmosphere. The phase 
transformation that takes place under flowing argon conditions and stagnant 
conditions for TiH2 are denoted by Sequence 1 and 2 respectively [46]. It is expected 
that the phase transformation that takes place under stagnant argon conditions is very 
similar to the phase transformation that take place in  a partial hydrogen atmosphere. 
 
Sequence 1 
(flowing argon):  
 
Sequence 2 
(Stagnant argon):  
 
The main difference between these two sequences is the phase transformation that 
takes place during the cooling phase under stagnant conditions which can be 
equivalent to a partial hydrogen atmosphere. Additionally, the temperatures at which 
the first three phase transformations occurs is higher under stagnant (partial 
hydrogen/ argon atmosphere) conditions. These results are again supported by the 
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DSC results obtained in Figure 6.5. Hence, the assumption made that the stagnant 
argon atmosphere can be equivalent to a partial hydrogen/argon atmosphere is valid. 
Moreover, under partial hydrogen/argon atmosphere the structure is fully b after 
temperature equivalent to or higher than 744°C whereas in a flowing argon 
atmosphere the phase present after 702°C is a. It can be thus expected that sintering 
under argon is most likely going to stabilise the a phase and correspondingly sintering 
under a partial hydrogen atmosphere will stabilise the b phase. With the introduction 
of MA with TiH2, the sintering atmosphere is expected to play a vital role. It is expected 
that sintering TiH2-6Al-4V in a partial hydrogen atmosphere will allow vanadium (a b 
stabiliser) to diffuse at a faster rate since the latter stabilises the b phase. Hence, a 
TiH2-6Al-4V powder blend compact sintered in a flowing argon atmosphere is 
expected to promote faster diffusion of aluminium (an a stabiliser) thus stabilising the 
a phase. Thus, sintering trials of these TiH2-6Al-4V powder blend compacts should be 
conducted in both atmospheres in order to assess and confirm whether the sequence 
of events described in this paragraph is in fact true. Additionally, the role than TiH2 
can play during sintering can also be investigated. 
 
It is important to note as well that the Ti-H phase diagram is based on the fact that the 
highest pure solid under consistent one bar pure atmosphere is used which in turn will 
not allow the coexistence of a and b phase. However, the use of commercial powders 
can very often imply that impurities such as oxide layers are present and since oxygen 
is an a stabiliser, the a phase will form prior to the b phase. These impurities as well 
as fluctuations in experimental conditions can lead to the coexistence of the a and b 
phase. Hence, the reaction that takes place at 432°C is also valid for commercial TiH2 
powders which is confirmed for the DSC curves of 100% TiH2 in Figure 6.2 but not in 
Figure 6.5. This adds to the benefits of using a partial hydrogen atmosphere which is 
thus expected to limit the formation of the a phase even if the TiH2 powders are 
slightly oxidised (reducing abilities of TiH2 that prevents oxidation). 
 
The DSC and TGA results suggest that sintering in a partial hydrogen atmosphere will 
most likely be beneficial to a higher extent for CP Ti as compared to TiH2. Additionally, 
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the TiH2 used for this dissertation is smaller in size and hence sintering of finer 
particles is also expected to result in higher sintered densities. Hence, as discussed in 
Chapter 5, the level of TiH2 that will enable reasonable green densities while 
maintaining good sintering properties is most likely to be a 60% CP Ti/ 40% TiH2 
powder blend. Since most sintering studies are conducted under vacuum, it would 
have been vital to conduct TGA and DSC of the powder blends under vacuum. 
However, the vibrations associated with the turbo pump prevented a smooth TGA and 
DSC curves to be obtained. Consequently, any mass change or exothermic or 
endothermic peaks were hard to distinguish with the fluctuations in mass readings 
that were associated with the vibrations. It is to be noted that for the other DSC/TGA 
analysis, the turbo pump used to remove the air (oxygen) was turned off for at least 
45 minutes and the argon and partial hydrogen atmosphere were flowing at constant 
speed prior to the start of each test. Hence, no vibrations associated with the turbo 
affected the readings of the mass balance in the TGA/DSC equipment.  
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Chapter 7: Sintering 
Based on the powder analysis, compaction study and the TGA and DSC analysis, a 
subset of the powder blends and a fixed compaction pressure were chosen for the 
sintering trials. Table 7.1 summarises the composition, number of samples as well as 
compaction pressure of the selected powder blends. 
 
Table 7.1: Description of selected samples for sintering trials 
Chemical composition Compaction pressure (MPa) Number of samples for sintering trials 
100 CP Ti 500 27 
80% CP Ti 20% TiH2 500 27 
60% CP Ti 40% TiH2 500 27 
CP Ti-6Al-4V 500 27 
TiH2-6Al-4V 500 27 
 
Nine of the samples were sintered in a 15% H2/85% argon atmosphere and another 
nine were sintered in argon at 1050°C for eight hours (dwell time) at a heating rate of 
5K/min. Only three samples from each powder blend for each sintering treatments 
were used for the density measurements. The remaining were used for 
microstructural analysis. Additional Ti-6Al-4V and TiH2-6Al-4V green compacts were 
kept for additionally sintering treatments. 
 
7.1 Sintered density  
Table 7.2 shows the relative sintered densities for the five selected sets of samples in 
an argon atmosphere. 
 
Table 7.2: Sintered density of samples in argon atmosphere at 1050°C 
Sample composition Relative sintered 
density (%) 
Relative green 
density (%) 
Percentage increase from 
green to sintered state (%) 
100% CP Ti  92.8±0.1 87.4±0.1 5.4 
80% CP Ti/20% TiH2 82.8±0.1 77.9±0.1 4.9 
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60% CP Ti/40% TiH2 80.1±0.1 76.2±0.1 3.9 
CP Ti-6Al-4V 90.8±0.1 86.4±0.1 4.4 
TiH2-6Al-4V 81.9±0.1 79.3±0.1 2.6 
 
Table 7.2 confirms that with increasing TiH2 content, the increase in sintered density 
is lower which does not favour the use of TiH2 in an argon atmosphere. It is expected, 
based on the current literature [31][34][40], that TiH2 should improve the sintered 
density under vacuum and thus it can be said that the sintering atmosphere plays a 
critical role in the densification mechanism of the samples. It is very likely, since 
dehydrogenation of TiH2 takes place from 430-620°C, that the hydrogen evolved is 
trapped temporarily within the partially sintered samples. The presence of a positive 
sintering atmosphere will not enable hydrogen released to easily diffuse out as 
compared to a negative sintering atmosphere such as vacuum. Hence, the trapped 
hydrogen can hinder densification to take place rapidly particularly at temperatures 
lower than 1200°C. Diffusion rate generally increases with increasing temperatures 
and hence the diffusion rates of Ti, TiH2, aluminium and vanadium (from the MA) is 
expected to be higher at 1200°C as compared to 1050°C [33][34]. At 1200°C it is less 
likely that the amount of hydrogen trapped is sufficient to hinder or delay 
densification since sufficient energy is given to allow shrinkage causing the hydrogen 
to be easily released. These are discussed in depth later in this chapter. 
 
The particle size of the TiH2 powder being significantly lower than that of the CP Ti is 
also expected to result in higher sintered density. Based on the particle size, the 
sintered densities were expected to be higher when compared to the sintered 
compacts with no TiH2 content since small particles implies higher contact surface 
area which will result in less energy required for diffusion. While in the current 
literature, the densities of TiH2 based compacts are higher when compared to CP Ti 
[31][33][40], the temperature and atmosphere under which sintering were conducted 
are different. Based on a study conducted on the sintering mechanism (discussed in 
Chapter 2) [47], the major shrinkage take places from 1040°C. Hence, at 1050°C, it is 
very likely that the densification and shrinkage of samples containing TiH2 were not 
complete. However, a dwell time of eight hours used for this dissertation was 
 104 
expected to allow densification and further shrinkage to take place. Further 
investigations on the sintering mechanism for each powder blends are required. 
 
It is highly likely that the sintering parameters could have played a role in the 
unexpected results. While the samples made from 60% CP Ti/40% TiH2 and 80% CP 
Ti/20% TiH2 have lower sintered density, the biggest anomaly in the change in density 
was noted in the TiH2-6Al-4V samples. In TiH2-6Al-4V, the diffusion of the MA is 
expected to occur differently as compared to CP Ti-6Al-4V. In TiH2-6Al-4V, vanadium 
is expected to diffuse first since TiH2 is a b-stabiliser whereas in CP Ti-6Al-4V, 
aluminium should diffuse first (temperatures below 910°C). The possible sequence of 
events that could occur based on the MA particle diffusion being different for TiH2-
6Al-4V and CP-ti-6Al-4V is discussed further in Section 7.3 of this chapter since 
microstructural analysis was also deemed necessary to investigate whether the 
density results correlates to the microstructural analysis obtained for the respective 
samples. More experiments were conducted to ensure that the results were 
reproducible and to determine any difference in sintered density when similar 
samples were sintered under a partial hydrogen atmosphere as well as under vacuum. 
 
Table 7.3 shows the relative sintered densities for the five selected sets of samples in 
a partial hydrogen atmosphere. 
 
Table 7.3: Density results of samples sintered in a 15% H2/85% Ar atmosphere at 
1050°C 
Sample composition Relative sintered 
density (%) 
Relative green 
density (%) 
Percentage increase from 
green to sintered state (%) 
100% CP Ti  91.2±0.1 87.4±0.1 3.8 
80% CP Ti/20% TiH2 85.2±0.1 77.9±0.1 7.3 
60% CP Ti/40% TiH2 89.9±0.1 76.2±0.1 13.7 
CP Ti-6Al-4V 93.2±0.1 86.4±0.1 6.8 
TiH2-6Al-4V 71.3±0.1 79.3±0.1 -8.0 
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TiH2-6Al-4V (second 
set) 
71.5±0.1 79.3±0.1 -7.8 
 
Table 7.3 shows a considerable improvement in the sintered densities for samples 
containing both CP Ti and TiH2.The densities were calculated as per method described 
in ASTM B962 The presence of a partial hydrogen atmosphere assists in improving the 
sintered density but this is likely due to the dissolution of hydrogen in the CP Ti matrix. 
As observed in the TGA and DSC studies, hydrogen is not retained after 620°C in TiH2 
(see Figures 6.1, 6.2, 6.4 and 6.5). Hence, based on the density results from Table 7.3 
and the TGA and DSC results of powder blends samples tested in the same atmosphere 
(partial hydrogen atmosphere), it can be said that even though hydrogen (from the 
TiH2) is not retained, the positive impacts of hydrogen absorption and dissolution in 
the CP Ti matrix is sufficient enough to result in good densification being achieved at 
1050°C. Hydrogen, when absorbed in the CP Ti matrix, results in the phase 
transformation from a to b occurring at a much lower temperature [47]. The phase 
transformation is associated with shrinkage which improves the sintered density. In 
addition, the reducing ability of hydrogen also prevents the formation of any surface 
oxides present in the CP Ti and hence improves diffusion contact between particles.  
 
Based on the unexpected decrease from the green to sintered densities of the TiH2-
6Al-4V samples in a partial hydrogen atmosphere, additional TiH2-6Al-4V and CP Ti-
6Al-4V samples were sintered under vacuum at 1050°C for eight hours and at 1200°C 
for four hours. The sintering trials under vacuum at 1200°C for four hours were 
conducted in past research [27][41][42] and hence it was deemed vital to also 
establish whether similar relative sintered densities could be obtained for the TiH2-
6Al-4V and CP Ti-6Al-4V samples prepared for this dissertation. Additionally, sintering 
trials were also conducted for CP Ti-6Al-4V and TiH2-6Al-4V at 1200°C in a 15%H2/85% 
Ar atmosphere to establish whether the sintering temperature could be the cause for 
the  low relative sintered densities of TiH2-6Al-4V. Table 7.4 shows the results of the 
relative sintered densities for the additional sintering trials. 
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Table 7.4 : Density results of additional sets of sintering trials 
Sample composition and sintering conditions Relative 
sintered 
density (%) 
Relative 
green 
density (%) 
Percentage increase 
from green to 
sintered state (%) 
CP Ti-6Al-4V at 1050°C for 8 hrs under vacuum 93.8±0.1 86.4±0.1 7.4 
TiH2-6Al-4V at 1050°C for 8 hrs under vacuum 95.0±0.1 79.3±0.1 15.7 
CP Ti-6Al-4V at 1200°C for 4 hrs under vacuum 97.6±0.1 86.4±0.1 11.2 
TiH2-6Al-4V at 1200°C for 4 hrs under vacuum 98.5±0.1 79.3±0.1 19.2 
CP Ti-6Al-4V at 1200°C for 4 hrs in 15%H2/85%Ar 97.1±0.1 86.4±0.1 10.7 
TiH2-6Al-4V at 1200°C for 4 hrs in 15%H2/85%Ar 97.7±0.1 79.3±0.1 18.4 
 
Figure 7.1 graphically shows a comparative analysis of the relative green and sintered 
densities in various sintering atmospheres and times. The results of the additional 
sintering trials summarised in Table 7.4 confirm that the relative densities of CP Ti-
6Al-4V and TiH2-6Al-4V sintered at 1200°C under vacuum are similar to the results of 
past research conducted (relative sintering density >97%) [41]. In addition, the CP Ti-
6Al-4V and TiH2-6Al-4V sintered in a partial hydrogen atmosphere at 1200°C did result 
in a significant increase from green to sintered density. The temperature of 1200°C, 
irrespective of the sintering atmosphere does result in relative sintered densities to 
be higher than 97% which, are reasonable. At 1200°C, diffusion rates are higher for CP 
Ti, TiH2, aluminium and vanadium (from the MA) and hence the sequence of events 
that is expected to take place at 1050°C can be completely different at 1200°C. This is 
discussed further in Section 7.3 of this chapter. 
 
It is important to note here, that sintering in a partial hydrogen atmosphere does not 
result in the highest sintered densities. The results support that sintering under 
vacuum results in the best sintered densities at 1050°C and 1200°C. 
 107 
 
Figure 7.1 :Comparative density from green to sintered in different atmospheres
0 10 20 30 40 50 60 70 80 90 100
100% CP Ti
80% CP Ti 20% TiH2
60% CP Ti 40% TiH2
Ti6Al4V
TiH2-6Al-4V
Relative densities of different powder blends at various sintering conditions
average relative sintering density in 15% H2/85%Ar at 1200°C for 4 hours (%) average relative sintering density in vacuum at 1200°C for 4 hours (%)
average relative sintering in vacuum at 1050°C for 8 hours (%) average relative sintered density in 15% H2/85%Ar at 1050°C for 8 hours (%)
average relative sintered density in argon at 1050°C for 8 hours (%) average relative green density (%)
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7.2 Microstructural analysis 
Figures 7.2-7.5 show the microstructure of the various samples sintered under an 
argon atmosphere, under partial hydrogen and under vacuum at 1050°C for eight 
hours and at 1200°C under vacuum and partial hydrogen atmosphere for four hours 
respectively. 
 
 
 
 
 
 
 
               (a)                                                                (b) 
 
 
 
 
 
 
 
                    (c)                                                                                          (d) 
 
 
 
 
 
 
     (e) 
Figure 7.2: Microstructure of sintered 1050°C for 8 hours under argon (a) 100% CP Ti, 
(b) 80% CP Ti/20%TiH2, (c) 0% CP Ti/40%TiH2, (d) CP Ti-6Al-4V (e) TiH2-6Al-4V 
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The microstructure of the 100% CP Ti corresponds to an a-equiaxed microstructure. 
The CP Ti-6Al-4V sample sintered in argon has a Widmanstätten structure showing the 
presence of a and b phases as expected.  
Figure 7.3 show the representative microstructures of the five different set of samples 
sintered at 1050°C for eight hours in a partial hydrogen atmosphere (15%H2/85% Ar). 
 
(a)         (b)   
(c)                                                                                    (d) 
 
             (e) 
Figure 7.3: Microstructure of sintered 1050°C for 8 hours under 15%H2/85% Ar (a) 
100% CP Ti, (b) 80% CP Ti/20%TiH2, (c) 0% CP Ti/40%TiH2, (d) CP Ti-6Al-4V (e) TiH2-
6Al-4V 
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The microstructure of the 100% CP Ti, 80% CP Ti/20% TiH2 and 60% Ti/40% TiH2 have 
similar microstructures where the most noticeable feature is the presence of needle 
like structure suggesting the presence of the d TiH2 phase. This confirms that hydrogen 
dissolved in the CP Ti matrix. The microstructure confirms that sintering in a partial 
hydrogen atmosphere does improve the relative sintered density of these three 
samples since less pores are observed. Hydrogen (being a b stabiliser) lowers the b-
transus temperature to promote densification at a lower temperature. Thus at 
1050°C, the densification was higher for the CP Ti/ TiH2 blends sintered in hydrogen 
as compared to those sintered in argon. Thus, there are positive attributes in sintering 
in hydrogen which occurs as a result of hydrogen dissolving in the CP Ti matrix. 
Hydrogen is only retained during sintering by dissolving in the CP Ti matrix and not 
due to the presence of TiH2 in a positive pressure atmosphere.  
The microstructure of CP Ti-6Al-4V does show an a Widmanstätten structure as 
expected.  
(a)                                                                                     (b) 
 
  
 
 
 
 
 
                    (c) 
Figure 7.4 : Microstructure of sintered CP Ti-6Al-4V at (a) 1050°C for 8 hours under 
vacuum (b) 1200°C for 4 hours under vacuum (c) 1200°C for 4 hours under 
15%H2/85% Ar 
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(a)                                                                                                (b) 
 
 
 
 
 
 
                                                                            (c) 
Figure 7.5: Microstructure of sintered TiH2-6Al-4V at (a) 1050°C for 8 hours under 
vacuum(b) 1200°C for 4 hours under vacuum (c) 1200°C for 4 hours under 
15%H2/85% Ar 
 
The density results are supported by the microstructural investigation conducted. The 
presence of TiH2 should result in higher diffusion rate since the particle size is smaller 
(greater surface area for contact). The presence of hydrogen in TiH2 also prevents the 
formation of surface oxides which again promote sintering by lowering the activation 
energy required for sintering.  
 
 The samples with the higher sintered densities are those sintering under vacuum at 
1200°C for four hours. It is evident that the best sintering atmosphere for the CP Ti-
6Al-4V and TiH2-6Al-4V is vacuum. A higher sintering temperature results in better 
sintered densities for a shorter sintering time. The sintering of TiH2-6Al-4V in partial 
hydrogen also supports the results in the current literature (>97%) [27][43] which 
confirms that the methodology used for the sintering treatments were correct. It is 
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evident from this additional set of sintering trials that sintering of TiH2-6Al-4V  at 
1050°C may be different. Possible explanation for this anomaly is explained in depth 
in Section 7.3. 
 
7.3 CP Ti-6Al-4V and TiH2-6Al-4V in 15% H2/85% Ar atmosphere at 1050°C 
While the sintered density obtained for CP Ti-6Al-4V in partial hydrogen is expected 
(higher than the sintered density in argon), that of TiH2-6Al-4V in the partial hydrogen 
atmosphere shows that the sintered density of the sample is lower than not only its 
corresponding sintered density in argon but also its green density. The results are 
supported by the microstructural analysis (see Figure 7.3). The possible sequence of 
events and phenomenon that is taking place during sintering of CP Ti-6Al-4V and TiH2-
6Al-4V compacts in a partial hydrogen atmosphere are explained in detail in this 
section. 
During sintering of CP Ti-6Al-4V in a partial hydrogen atmosphere, the MA will diffuse 
into CP-Ti matrix but aluminium will diffuse much faster than vanadium and hence the 
a-phase is stabilised in preference to transformation to the b-phase. However, 
because hydrogen stabilises the b-phase in TiH2, the MA diffuses into the Ti (H) matrix 
during sintering but as opposed to CP Ti it is expected that vanadium will diffuse faster 
in preference to aluminium because the b-phase already exists. Thus, the preferable 
vanadium diffusion (which will deplete the MA of vanadium) will result in aluminium 
enrichment in the decomposing MA particle. Consequently, the aluminium can melt 
and thus lead to melt-related porosity developments which eventually leads to lower 
density realisation for the partially sintered TiH2-6Al-4V compact. To better explain 
this sequence of events schematic drawings in Figure 7.6 are demonstrated. In both 
figures, the thickness of each arrow is directly proportional to the diffusion rate of the 
element. The green arrow is for vanadium diffusion in b-TiH2, the black arrow is for Ti 
diffusion into the MA particle and the orange arrow is for aluminium diffusion in b-
TiH2 [41]. 
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Onset of sintering: Stage 1 
 
 
 
 
 
 
 
 
 
 
 
As diffusion takes place: Stage 2; fragmentation of MA particles causing gas 
between primary Ti particles and MA to  increase 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b-TiH2  
b-TiH2  
60Al40V MA 
60Al40V MA 
Aluminium enriched zone 
MA MA 
b-Ti  with high levels of 
vanadium and small levels 
of aluminium 
b-Ti  with high levels of 
vanadium and small levels 
of aluminium 
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Sintering from 660°C: Stage 3 (gaps formed during volume expansion can no longer 
be healed as no more diffusion is taking place) 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.6: Schematic drawing of the sequence of events during sintering of TiH2-6Al-
4V at 1050°C in 15%H2/85%Ar atmosphere 
 
The sequence of events described in Figure 7.6, Stage 1-3, are as follows: 
1) Stage 1: TiH2  and Ti(H) is a b-stabiliser and should promote diffusion of 
vanadium (also a b-stabiliser). Hence, the diffusion rate of vanadium is the 
highest. Small levels of aluminium will also diffuse but are insignificant as 
compared to the levels of vanadium. TiH2 also diffuses slightly into the MA 
particles but at a lower diffusion rate. 
2) Stage 2: As vanadium diffuses in  TiH2 now in the b-Ti phase, the titanium 
matrix further stabilisers the b phase which, further hinders aluminium 
diffusion into the titanium matrix. Thus, the resulting MA particles are 
enriched in aluminium specifically at the contact interface where diffusion 
takes place. 
3) Stage 3: As from 660°C, aluminium melts and thus the enriched aluminium 
zones form a melted layer around the edges of the MA particles, which 
prevents further diffusion from taking place. Thus, the pores formed from 
b-Ti  with high levels of 
vanadium and small levels 
of aluminium 
Melted aluminium layer preventing further diffusion 
Aluminium rich 
MA 
Aluminium rich 
MA 
Vanadium rich zone 
b-Ti  with high levels of 
vanadium and small levels 
of aluminium 
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Stage 1 and 2 as a result of diffusion, can no longer be closed or healed since 
diffusion of aluminium cannot take place. 
To investigate whether or not this sequence of events described in Figure 7.6 is taking 
place during sintering, a few element maps were generated using the SEM on the TiH2-
6Al-4V and CP Ti-6Al-4V compacts made from heating 150mg of each powder blend in 
the DSC/TGA heating furnace  at a rate of 10K/min up to a temperature of 1000°C 
under 15%H2/85%Ar atmosphere for 2 hours. Several other samples sintered at 
1050°C for longer periods were also investigated. However, the long sintering 
treatment would not provide any indication of the initial diffusion of TiH2-6Al-4V and 
CP Ti-6Al-4V sample. Figures 7.7 and 7.8 show representative element maps for both 
samples. 
SEM image of selected area                                 Titanium element map 
                               
                     Vanadium element map           Aluminium element map  
Figure 7.7: Elemental mapping of CP Ti-6Al-4V partially sintered at 1000°C 
(decomposing MA particle circled in red) 
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           SEM image of selected area                             Titanium element map  
 
                Vanadium element map                                   Aluminium element map 
 
Figure 7.8: Elemental mapping of TiH2-6Al-4V partially sintered at 1000°C 
(decomposing MA particle circled in red) 
 
In both Figures 7.7 and 7.8 it is vital to emphasise that the element maps are the 
results of the X-rays maps from the image generated by the SEM. The brightness of 
the pixels in the X-ray maps indicates the relative concentration of the particular 
element. Figure 7.7 shows that for  partially sintered CP Ti-6Al-4V, aluminium 
enrichment takes place in the outer shell of the CP-Ti particles which supports the 
description provided at the beginning of this section. However, the sequence of events 
described by Figure 7.6 for TiH2-6Al-4V is not supported by the elemental mapping 
provided in Figure 7.8. 
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The latter exhibits the same characteristics as for the CP-Ti-6Al-4V sample during 
heating. This can now be explained by not referring to the diffusion path according to 
the Ti-H phase diagram (see Figure 6.3) but rather according to the shell model in a 
previous study described in Chapter 2 [46]. In this case, the a-phase formation in the 
shell will support the preferable aluminium diffusion which would suggest that CP-Ti-
6Al-4V and TiH2-6Al-4V should behave in a similar manner during sintering and hence 
should realise similar densities. Additionally, one would expect the TiH2-6Al-4V sample 
to have greater density because of the reducing action of the liberated hydrogen but 
this is not the case. The significantly lower sintered density of TiH2-6Al-4V is very likely 
due to the liberation of H2O (gas) which can result in open porosity during sintering. 
Hydrogen from TiH2 can be trapped during sintering especially when it takes place in 
a stagnant or partial hydrogen atmosphere. The formation of H2O (g) takes place if the 
hydrogen from TiH2 reacts with the surface oxide. This can be the case during sintering 
since the hydrogen concentrations are high enough on the oxide surface due to the 
difference in diffusion rate between the TiH2 particles and that of its oxide layer. The 
reaction that takes place is shown in Equation 7. 1.  
 
Equation 7. 1   TiO2 + 4H = Ti + 2H2O (g) 
 
The sintering behaviour of CP Ti and that of TiH2 are compared in Figure 7.9 which 
allows one to obtained and idea of the sintering mechanism that takes in compacts 
made from CP Ti and TiH2 powder blends with MA. 
 
 
 
 
 
 
 
 
 
Figure 7.9: Sintering behaviour of CP Ti and TiH2 
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The release of H2O (g) as seen in Figure 7.9 will result in the formation of  pores which 
are not necessarily overcome especially at lower sintering temperatures. At higher 
temperatures hydrogen diffusion rate is higher and hence H2O (g) release occurs at a 
faster rate since the hydrogen is less likely to be trapped. Hence, sintering at 1200°C 
is less likely to result in H2O (g) formation as a result of faster diffusion rate of 
hydrogen. Additionally, for sintering at 1050°C under vacuum (a negative pressure 
atmosphere) the rate of formation of the H2O (g) formed is expected to be higher. 
Under vacuum hydrogen easily diffuses out as compared to a positive pressure 
sintering atmosphere such as argon or partial hydrogen. The difference in partial 
pressure between the TiH2-6Al-4V sample under vacuum is higher as compared to the 
same sample under argon or partial hydrogen atmosphere. The higher the difference 
in partial pressure, the higher is the diffusion rate of hydrogen from the sample to the 
sintering atmosphere. Since trapped hydrogen can hinder densification sintering 
under vacuum is expected to result in better densification (better sintering densities 
and corresponding microstructures with less pores) as compared to the corresponding 
samples sintered in argon or partial hydrogen atmosphere.  
 
Additionally, the Kirkendall effect [43] can also affect the sintered densities. This is 
illustrated in Figure 7.10. The green, orange and black arrows correspond to 
vanadium, aluminium and b-TiH2 diffusion rate. The thicker the arrow the faster is the 
diffusion rate. 
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Stage 1: Difference in diffusion rate of TiH2 and MA powder particles 
 
 
 
 
 
 
 
 
 
 
 
 
 
Stage 2: Diffusion rate is higher for vanadium hence motion of the boundary layer 
shift resulting in a formation of pore between the TiH2 particles and the MA 
powder particle 
 
 
 
 
 
 
 
 
 
 
Figure 7.10: Kirkendall effect during sintering of TiH2-6Al-4V 
 
b-TiH2 MA 
(60Al40V) 
b-Ti (H) enriched 
with aluminium 
Vanadium 
enriched MA 
(60Al40V) 
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In addition to the production and liberation of H2O (g) illustrated in Figure 7.9 the 
occurrence of the Kirkendall effect can also affect the sintered density of  TiH2-6Al-4V. 
Kirkendall effect takes place since the diffusion rate of vanadium, TiH2 and aluminium 
are different at 1050°C in a partial hydrogen atmosphere. This difference in diffusion 
results in the motion of the boundary layer as depicted in Stage 2 of Figure 7.10. Thus, 
as a result of the Kirkendall effect, pores are formed. This residual porosity and 
consequent swelling as a result of phase transformation, induced by the Kirkendall 
effect, will result in incomplete densification which implies a low sintered density. The 
unexpected lower sintered density of TiH2-6Al-4V in partial hydrogen at 1050°C is 
mainly due to the formation and liberation of H2O (g) illustrated in Figure 7.9. 
However, the swelling effects associated with the Kirkendall effect illustrated in Figure 
7.10 are secondary contributing factors that resulted in the low sintered density of 
TiH2-6Al-4V in partial hydrogen at 1050°C. At higher temperatures, the diffusion rate 
is very likely to be significantly higher and thus sintering takes place faster preventing 
the swelling and pores formation in the sample [43].  
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Chapter 8: Conclusions 
The aim of this research was to investigate the effects of using hydrogen as a 
temporary alloying element in possibly lowering the sintering temperature while 
resulting in reasonable green and sintered densities of commercially pure titanium (CP 
Ti), titanium hydride (TiH2) and Ti-6Al-4V compacts produced by the PM route. From 
the research and experiments conducted, it can be concluded that most of the 
expected outcomes outlined in Section 1.6 were supported by the results gathered. 
However, decrease in sintered density for TiH2-6Al-4V in a partial hydrogen 
atmosphere as compared to the green density was not expected. Through extensive 
research and further sintering and elemental mapping analyses, the possible 
explanations for this unexpected decrease, not documented in the literature, was 
described and illustrated. 
 
From all the experiments and research conducted, the following were concluded: 
 
1) The larger the powder particle size, the higher is the green density. The 
powders’ particle size outweighs its chemical composition and mechanical 
properties. 
 
2) The green strength of the pressed compacts increases with higher levels of CP 
Ti (ductile powder) due to the latter’s ability to plastically deform and form 
stronger bonds. This is not the case for TiH2 (brittle powder) which fractures 
upon compaction and hence does not result in any bond formation resulting 
in a lower green strength. 
 
3) Pressed compacts with more than 40wt% of TiH2 do not result in significant 
decrease in green density or strength.  
 
4) The presence of a partial hydrogen atmosphere does not significantly delay the 
temperature range at which dehydrogenation occurs for the various powder 
blends containing TiH2. However, sintering in a partial hydrogen atmosphere 
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is beneficial for CP Ti and its blends with either TiH2 or  MA. Hydrogen diffuses 
into the CP Ti matrix to result in b-Ti (the desired phase) to form at a lower 
temperature which promotes faster sintering and shrinkage resulting in 
reasonable densities being achieved at 1050°C. 
 
5) The benefits of sintering in a partial hydrogen atmosphere only improves the 
density (when compared with the equivalent samples sintered in argon) if the 
powder blends contain TiH2 except for TiH2-6Al-4V sintered at 1050°C under a 
partial hydrogen atmosphere. 
 
6) While it was expected that the low sintered density obtained for TiH2-6Al-4V 
is due to vanadium diffusing first in the TiH2 (b-phase) during sintering (leaving 
melted aluminium related porosity issues), this was disproved by the 
elemental mapping analysis conducted in Chapter 7. Additionally, the core 
shell model discussed also supports that there is no apparent difference in the 
diffusion of MA in CP Ti and TiH2. The cause for the very low sintered density 
of TiH2-6Al-4V was primarily due to the formation of H2O (gas). The presence 
of a partial hydrogen further hinders the diffuse rate of the H2O gas generated 
since the pressure gradient is even lower (due to the presence of hydrogen in 
the sintering atmosphere) as compared to a flowing argon atmosphere. The 
latter being bigger as compared to hydrogen gas would leave larger residual 
pores when the H2O(g) diffuses out. The residual porosity remains since the 
diffusion rate at 1050°C is low as 1040°C is the temperature at which rapid 
shrinkage begins and thus is very likely that complete shrinkage was not 
achieved at 1050°C. Additionally, the Kirkendall effects associated with 
different diffusion rate also promotes the formation of pores which hinders 
densification further. 
 
7) The sintering temperature of 1050°C in a positive pressure atmosphere is not 
enough to allow maximum shrinkage of the CP Ti-6Al-4V and TiH2-6Al-4V to 
take place to result in relative sintered densities greater than 97%. 
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8) At 1200°C, reasonable relative sintered densities (>97%) are obtained 
irrespective of the sintering atmosphere and time. Hence, it is clear that the 
diffusion rate is likely to be highly dependent on the sintering temperature. 
 
9) While it can be argued that reasonable relative sintered densities are obtained 
in a partial hydrogen atmosphere, the equivalent densities are still higher 
under vacuum. Vacuum being a negative atmosphere results in the pressure 
difference between the sample and the sintering atmosphere to be higher. 
Therefore, the release and diffusion of H2 and H2O (g) from the TiH2-6Al-4V will 
take place at a much higher rate which in turn promote shrinkage resulting in 
better densification even at 1050°C. 
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Chapter 9: Future work 
To conclusively determine the effects of hydrogen as a temporary alloying element on 
the PM manufacturing route of Ti-6Al-4V, the following should be investigated: 
 
1) Use the same particle size for CP Ti and TiH2 to press and sinter samples over 
the same conditions used during the compaction and sintering study of this 
dissertation. Hence, the role that the powders’ chemical composition and 
mechanical properties have on the green density and strength as well as the 
sintered density can be independently evaluated. 
 
2) Conduct the compaction study at compaction pressures higher than 500MPa 
to determine the maximum compaction pressure than can be used for the 
various CP-Ti/TiH2 powder blends with and without MA powder. 
 
3) Conduct TGA and DSC of the powder blends under vacuum to  potentially 
explain why the sintered densities of TiH2-6Al-4V and Ti-6Al-4V under vacuum 
are significantly higher compared to the same samples tested in argon and 
partial hydrogen atmospheres at 1050°C. 
 
4) Vary the sintering times and temperatures on the various powder blends to 
determine the effects that time and temperature will play for compacts made 
from each powder blend. 
 
5) Sinter all the other CP Ti/ TiH2 powder blends under vacuum at 1050°C and 
1200°C.  
 
6) Sinter TiH2-6Al-4V in a partial hydrogen atmosphere at 1100°C. and 1150°C for 
different times to determine whether a sintering temperature lower than 
1200°C can result in acceptable relative sintered density. 
 
 125 
7) Conduct more element mapping on the samples from 4) and 6) to determine 
the time and temperature at which vanadium  diffusion begins in the various 
samples. 
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Chapter 11: Appendices 
Appendix A summarises the detailed procedures of various tests conducted based on 
ASTM standards B962-13 and B312-09. 
 
11.1 Standard Procedure to measure green of specimens compacted from metal 
powders (ASTM B962-13) 
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11.2 Standard Procedure to green strength of specimens compacted from metal 
powders (adapted from ASTM standard B312-09) 
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